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FOREWORD 


This  report  is  one  of  four  reports  to  be  prepared  by  Structural 
Mechanics  Associates  under  Navy  Contract  No.  N156-46654.  This  con¬ 
tract  was  initiated  under  Work  Unit  No.  530/07,  "Development  of 
Optimization  Methods  for  the  Design  of  Composite  Structures  Mi-de 
from  Anisotropic  Material"  (1-23-96)  and  was  administered  under  the 
direction  of  the  Aeronautical  Structures  Laboratory,  Naval  Air  Engi¬ 
neering  Center,  with  Messrs.  R.  Molella  and  A.  Manno  acting  as  Pro¬ 
ject  Engineers.  The  reports  resulting  from  this  contract  will  be 
forwarded  separately.  Three  reports  are  completed  and  cover  work 
from  24  May  1965  to  31  December  1966.  The  title  and  approximate 
forwarding  date  for  each  report  are  as  follows: 

NA^.C-ASL-1109,  "Structural  Optimization  of  Corrugated  Core 
and  Web  Core  Sandwich  Panels  Subjected  to  Uniaxial  Compression," 
dated  15  May  1967.  Forwarding  date,  June  1967. 

NAEC-ASL- 1110,  "Structural  Optimization  of  Flat,  Corrugated 
Core  and  Web  Core  Sandwich  Panels  Under  In-Plane  Shear  Loads 
and  Combined  Uniaxial  Compression  and  In- Plane  Shear  Loads." 
dated  1  June  1967.  Forwarding  date,  July  1967. 

NAEC-ASL- 1111,  Method  for  Weight  Optimization  of  Flat  Truss 
Core  Sandwich  Panels  Under  Lateral  Loads,"  dated  15  June  1967. 
Forwarding  date,  July  1967. 
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SUMMARY 

This  report  presents  the  development  of  rational 
■ethods  of  structural  optimization  for  flat,  corrugated  core 
(single  truss  core)  and  web-core  sandwich  panels  under  two 
loading  conditions:  in-plane  shear  loads,  and  combined  uniaxial 
compression  and  in-plane  shear  loads.  In  the  latter  loading 
condition  use.  maa«  of  tue  metnoas  developed  in  Reference  1 
for  these  panels  subjected  to  uniaxial  compressive  loads. 

These  methods  provide  a  means  by  which  minimum  weight 
structures  can  be  designed  for  a  given  load  Index,  plate  width, 
length,  and  face  and  core  materials.  Of  equal  Importance  le  the 
fact  that  the  methods  developed  can  be  used  as  a  means  of 
rational  material  selection  by  comparing  weights  of  optimum 
construction  for  various  material  systeme  as  a  function  of 
applied  load  index.  The  methods  developed  are  sufficiently 
general  to  account  for  ortbotroplc  or  isotropic  face  and  core 
materials  and  various  boundary  conditions. 

In  Chapter  1,  methods  of  optimization  are  developed 
for  flat  triangulated  core  (truss  core)  sandwich  panels  subjected 
to  ln~plane  shear  loads.  Chapter  2  provides  methods  of 
structural  methods  of  optimization  for  web-core  panels  subjected 
to  ln~plane  shear  loads.  In  Chapter  3/  s  sample  comparison  Is 
made  between  optimum  construction  of  single-truss  core,  veb-core, 
and  hexagonal  honeycomb  core  sandwich  panels  subjected  to  In¬ 
plane  shear  loads.  Methods  for  the  optimum  honeycomb  sandwich 
panels  were  developed  in  Reference  2  and  the  design  procedures 
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presented  in  Reference  3*  Chapter  k  presents  aethods  of 
optiaisstion  for  triangulated  core  panels  under  coabinations 
of  longitudinal  uniaxial  coapressive  and  in-plane  shear  loads. 
Chapter  5  treats  web-core  panels  subjected  to  these  ccabined 
loadings. 

In  each  chapter  design  procedures  are  given  in  detail 
for  the  design  engineer  to  use. 

It  should  be  noted  that  steady  state  teaperature 
effects  are  also  easily  accounted  for  by  the  aethods  developed 
herein.  In  a  panel  at  a  given  teaperature  condition  it  is 
siaply  necessary  to  utilize  the  stress  strain  dlagran  or  the 
tangent  aodulus-stress  dlagran  and  other  pertinent  aaterlal 
properties  of  the  desired  aaterials  for  the  teaperature  of  the 
panel.  Loads  caused  by  theraal  restraints  nust  be  Included  in 
the  load  index  along  with  the  aechanically  induced  loadings. 
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l?lATIOy 


*  Panul  dinenslon  In  the  x  direction.  In. 


Ic  Area  of  the  core  per  unit  vldth  of  corrugation 

crossectlon  parallel  to  the  y  s  plana,  in.  (see 
Equations  1.1  and  2.1) 


b  Panel  dlnenaion  In  tha  y  direction.  In. 


d_  Dlnenaion  In  the  y  direction  over  which  face  and 

•  core  naterlal  are  bonded  or  faatened  together,  In. 

(see  Figure  4) 


X 


Transverse  shear  stiffness,  per  unit  vldth,  of  a 
bean  cut  fron  the  panel  In  the  1  direction  (1  • 
x,y),  lbs. /in.  (see  Equations  1.4,  1.5,  £.4,  and 
2.5) 


\  X1tfhe2,  lbs. /in.  (1  •  x,y) 
Modulus  of  elasticity,  lbs. /in. 2 


I  Modulus  of  elasticity  of  corrugated  core  sheet 

c  naterlal,  lbs. /in. 

If  Modulus  of  elasticity  of  face  sheet  naterlal,  lbsv/ln.^ 

XQ  Definitions  given  by  Iquatlon  (4.9) 

".I  J  Vjp,;)  (l  *  C,f) 

'  X  Reduced  nodulus  of  elasticity,  lbs. /in. ® 

p 

0  ^  Shear  nodulus,  lbs. /in.  (l  •  o,f) 


-vil- 


NAFC-ASL-1110 


h_  Cora  dapth,  in. 

o 

T  Mo* ant  of  inertia  of  the  core,  par  unit  width  of 

e  tha  corrugation  croaaactlon  parallel  to  tha  y a 

plana  taken  about  tha  centroldal  axis  of  tha 
corrugation  croaaactlon,  In.*  (aaa  Equations  1.2 
and  2.2) 


Tf  Moaant  of  Inertia  par  unit  vldth  of  tha  faced 

r  conaldared  aa  aeabranea,  with  respect  to  the  sand- 

vlch  plate  alddla  surface,  in.*  (aaa  Iquatlona 
1.8  and  2.6) 


J  Buckling  coafficlant 


J  Definition  given  by  Equation  (1.19) 


K  Buckling  coefficient 

Definition  given  by  Equation  (1.10) 

k£  Buckling  coefficient  for  veb  eleaent 

kf  Buckling  coefficient  for  face  plate  eleaent 

M  Definition  given  by  Equation  (4.8) 

o 

E  Conpreaalve  in-plane  load  in  the  x  direction  per 

x  unit  panel  width,  lba./ln. 


x 

cr 


Critical  compreaaive  load  in  the  x  direction  per  unit 
panel  vldth,  lba./ln. 


1 

*y 


Shear  force  per  unit  width,  lba./ln.  (Defined  aa 
critical  ahear  load/inch  in  Chaptera  1,  2,  and  3* 
defined  aa  applied  ahear  load/inch  in  Chaptera  k 
and  5) 
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Critical  shear  load/inch  in  Chapters  b  and  5 


h  r, 

~£_  Sin  9  Cos  0 


Thickness  of  core  veb,  in. 


Thickness  of  facing  material,  in. 


Core  transverse  shear  flexibility  parameter  (l  •  x,y) 


Total  weight  per  unit  planform  area  of  panel 
construction,  lbs. /in. 


Weight  per  unit  planform  area  of  core  (i  ■  c)  or 
facing  (i  -  f)  materials 


Weight  of  adhesive  or  other  joining  material  between 
facing  and  core  per  unit  planform  area,  lbs. /in. 


Panel  ln-plane  coordinate  (see  Figure  2) 


Panel  ln-plane  coordinate  (see  Figure  2) 

Panel  coordinate  normal  to  mid-plane  of  panel  (see 
Figures  1  and  k) 


Shear  strain  (in. /in.) 


Definition  given  by  Equation  (5-M 


Shear  angle  (see  Figure  3)  (i  ■  c,f) 


Plasticity  reduction  factor 
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Definition  fires  bjr  equation  (b.ll) 

Angle  web  Material  »kei  with  a  Use  noraal  to  plane 
of  faces 

Poisson's  ratio 

Density,  lbs. /in. ^  (1  ■  c , f ) 

Stress,  psl 

Principal  stress,  psl 

Shear  stress,  psl  (l  *  c,f) 

Definition  given  by  Squatlon  ( b . 10 ) 


rCi 
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CHAPTER  1 

METHODS  OF  STRUCTURAL  OPTIMIZATION  FOR  FLAT,  TRIAMOULATID 
(SIMOLX  TRUS8)  CORE  SANDWICH  PANELS  SUBJECTED  TO  IM-PLAIE 
SHEAR  LOADS 

A.  INTRODUCTION 

Consider  a  flat  corrugated  core  sandwich  panel 
idealized  by  the  following  construction,  shown  in  crossectlon 
in  Figure  1. 


A  B 


Figure  1 

Triangulated  Core  Sandwich  Panel  Construction 

There  are  four  geonetrlc  variables  with  which  to 
optimize;  namely,  the  core  depth  (h^),  the  web  thickness  (t^), 

-  1  - 
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the  face  thlckneaa  (t^),  and  tha  angla  tha  web  aakaa  with  a 
llna  normal  to  tha  faeaa  (0). 

Tha  overall  panal  to  ba  conaldarad  la  ahovn  in 
planfora  In  Plgura  2. 


Plgura  2 

Planfora  Vlaw  of  tha  Panal 

Thla  panal  of  width  b  and  langth  a  la  aubjeoted  to 
in-plana  ahaar  loada  Ixy  and  Hyx  (lb. /in.)  aa  ahovn  In 
Plgura  2. 

Thla  panal  la  conaldarad  to  fall  If  any  of  tha  follow¬ 
ing  lnatabllltlaa  occurt  overall  lnatablllty,  local  face  ahear 
lnatablli ty,  and  ahear  lnatablllty  In  the  vab.  Thua  there  are 
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three  nodes  of  instability,  end  four  geonetrlc  variables  with 
which  to  optinixe.  To  describe  each  instability,  the 
analytical  expression  used  in  the  following  is  the  best 


available  from  the  literature. 
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B.  ELASTIC  AHD  OEOMETRIC  C0B8TA!fT8  ASSOC IATED  WITH 
TRIAWQULATID  CORE  CCB8TRUCTI0I 

The  elastic  and  geometric  constants  for  the 
triangulated  core  construction  can  be  deternlned  froa  those 
given  In  aore  general  fora  by  Libove  and  Hubka  In  Reference  4. 
In  the  core  construction  given  In  Figure  1,  the  following 
constants  are  obtained. 

The  area  of  the  core  per  unit  width  of  corrugation 
crossectlon  parallel  to  the  yx  plane,  Ac,  is  given  by 

X  .  (*»•)  (1.1) 

c  Sin  0 


where  the  syabols  are  defined  In  Figure  1. 

The  aoaent  of  Inertia  of  the  core  per  unit  width  of 
corrugation  crossectlon  parallel  to  the  yx  plane,  taken  about 
the  centroldai  axis  of  the  corrugation  crossectlon,  Ic,  is 
seen  to  be. 


t  h  2 

I  .  _£_£ - 

c  12  Sin  9 


Ah2 

c  c 


12 


(in-3) 


(1.8) 


The  extenslonal  stiffness  of  the  plate  in  the  x 
direction,  BA^,  is  given  by 

EAx  -  EcAc  4  2  Eftf  (lbs. /in.)  (1.3) 

where  Ec  and  Ef  are  the  aodull  of  elasticity  of  the  core  and 
face  uaterlal  respectively. 
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The  trtoivera*  shear  stiffness,  per  unit  width  in 
the  y  direction,  of  an  elenent  of  the  sandwich  cut  by  two 
xi  places,  D^,  10  found  to  be 


D 

q* 


0  t  Cos  0 
c  c 

tan  0 


(lb. /in. 


(i.M 


The  transverse  shear  stiffness,  per  unit  width  in  the 
x  direction,  of  an  elenent  of  the  sandwich  cut  by  two  yx 
planes,  D^,  is  given  by 


Sh  B 
c  c 


(l-Vc2) 


(lb. /in. ) 


(1-5) 


where  V  is  the  Poisson's  ratio  of  the  core  Material,  and 
c  ' 


Sin2  0  Cos  9 


(1.6) 


Hence  substituting  (1.6)  into  (1.5)  results  in 


B  t 
c  c 


qy 


(i-»  2) 


Cos  0  Sin  9 


(1.7) 


This  expression  agrees  with  that  deternined  by  Anderson 


in  Reference  5> 

Lastly,  the  sonant  of  inertia  per  unit  width,  1^,  of 
the  faces,  considered  as  nembranes  with  respect  to  the  sandwich 
plate  niddle  surface,  is  seen  to  be 


t  b  ‘ 
f  c 


(lu.3) 
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C.  GOVIHWIMQ  EQUATIONS  FOR  PAM  ELS  WITH  FACES  AID  C0R18  OF 
DIFFBRBKT  ORTHOTROPIC  MATERIALS 

Sine*  panel*  in  which  the  facet  and  coree  utilize 
different  orthotropic  materials  le  the  most  general  materials 
system  considered  in  this  study,  it  is  convenient  to  derive 
all  expressions  and  subsequently  perform  the  optimization  for 
this  case  first. 

1.  Overall  Stability 

The  best  analytical  expression  describing  the  overall 
Instability  of  a  triangulated  core  sandwich  panel  under  In¬ 
plane  shear  loading  is  given  by  Equation  (B),  paragraph  4. 2. 2.1, 
page  84  of  Reference  b.  That  equation,  put  in  the  terminology 
used  In  this  study,  is  written  as 


- 


iffZfcxL  !ba\  I _ 

0-sXfT  ^  itHkM  . ,] 


(1.9) 


where: 


♦  V»] _ 

U(B,C,  t8,cv)S51+(C2  4  8jc1\v,  t  v.v»  A 

CH  '  /  C*, 

2  2  C, 

A  -  C1C3  -  B2  Cg  +  B^Cg  ( B1C1  +  2  BgCg  ♦  -2.) 


V  V 


5? 


B 


(1.10) 

(1.11) 

(1.12) 


fx 
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B_  - 


*3 


2  0„.  (!-■* _  V _ )  +  «...  V 


xyf  xyf  fy  xyf 


I  c  Z 

*fy  *fx 


0  (l  -  V  V  ) 

xyf  '  xyf  yxf' 


r#  *7^ 

I  fy  fx 


(1.13) 


(1.1%) 


jf.  VDxV  .  Iff  tan  9  tf 


b*  D. 


2  Cos  0 


t  V* 


*  JeTT 


(1.15) 


^  •  if.  ~^Dx^y  -  tf.  t1"  yxyc  ^rxc  ^  “f*fxKfy  ^ 

*  V  2  u-Vf  Vf}  frr  * 

I  cx  cr 


t„  b 

(-£)  (-^) 

t  b 

c 


Coa  e  81a  0 


(1.16) 


through  ara  given  by  Equations  (7)  through  (10) 

in  Reference  2  for  various  boundary  conditions,  vhara  for  shaax 

loading  n  -  1  only  in  tbs  expressions. 

In  the  above  subscripts  c  and  f  refer  to  the  core  and 

face  respectively,  and  0  refers  to  the  in-plane  shear  stiff- 

xy 

ness  of  the  material,  't  is  the  in-plane  shear  stress,  and 

(V-0)  refers  to  the  value  of  Equation  1.10  where  V  •  V »0. 

■  x  y 
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The  coefficient  J  ie  found  by  figure  4-1,  page  84, 
Reference  6  for  orthotropic  panels  with  simply  supported  edges 
whose  axes  of  elastic  symmetry  are  parallel  to  the  edges. 

In  this  figure,  j  is  plotted  as  functions  of  Bg  shore  and  l/r 
where 


1 

r 


1/4 


(1.17) 


It  is  conrenlent  to  rewrite  Equation  1.9  as 


1/4 


^xyfVf* 


J 


where  J  -  KM(V»0)  ~\ 


(1.18) 


(1.19) 


2.  face  Plate  Instability 

Looking  at  figure  1,  it  is  seen  that  each  plate 

element  of  the  faces  from  A  to  B  can  buckle  due  to  the  applied 

shear  loads  K  end  N  .  Since  the  support  condition  of  the 
xy  yx 

plate  elenent  along  the  edges  depicted  by  A  and  B  are-  not 
known  precisely,  it  is  conservative  to  assume  that  they  are 
simply  supported  edges,  for  such  a  case,  the  governing  equation 
is  given  by  Equation  (9-29)  of  Reference  7,  for  an  orthotroplo 
plate  whose  axes  of  elastic  symmetry  are  parallel  to  the  edges. 
Placing  the  equation  in  the  terminology  used  herein,  and  since 
IZy  “  Th  >  where  h  Is  the  plate  thickness 
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t  *• 


(1-V  V  ) 
xy  yx 


(1.20) 


Zb  this  expression  k  is  a  coefficient  plotted  in 
Reference  7,  Figure  9-^2,  »•  e  function  of  two  parameters 
p  and  o'  •  It  is  obvious  that  if  |3  •  r  and  £  -  Bg,  then 
Figure  9-k2  of  Reference  7  and  Figure  k-1  of  Reference  6  are 
identical.  Bence,  the  k  of  Squatioa  1.20  la  identical  to  the 
J  of  Equation  (1.19). 

Fron  Figure  1,  it  is  seen  that  for  the  face  plate 
instability  h  •  tf  and  b  ■  2  hc  tan  0,  hence,  Bquatlon  (1.20) 
is  written  as 

2 

U.21) 


S  »fy3«r,  1/k 
12 


2  2 

h  tan  0 

c 


where  kf  is  deternlned  as  J  in  Figure  k-1,  Reference  6,  in 
which  for  this  plate  element  is  given  by  Iquatlon  (1.13)  and 


1  .  ^ctia  9  ^fxj 

X  •  - ®f y 


1/* 


(1.22) 


3*  Web  Plate  Instability 

Likewise  the  local  plate  elenents  of  the  triangulated 
core  can  become  unstable  due  to  shear  stresses  induced  into  the 
core  by  the  shearing  of  web  faces.  Again,  the  conservative 
assumption  is  made  here  that  the  web  elements  are  simply  supported 
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This  Is  aot  to  lapl jr  that  loads  ara  aot  latroducad 
lato  tha  eora  alaaaata  by  tha  faoaa  aa  tha  aachaalea  of  this 
baharlor  deserlbad  balov  «hc*i. 


5.  Cora  Strata  -  Fact  Strata  Ralatlonahla 

Conaldar  tha  rapaated  ualt  of  tha  trlaagalatad  eora 
eoaatroetloa  ahova  la  Figaro  3* 


c  b  a  e  ^ 


Ualt  of  Coaatructloa  Fact 

Prior  to  Daforaatloa  llaaaat 

Daforaad 
(Plaaf ora) 


Cora 
llaaaat 
Daforaad 
(Plaaf ora) 


Flgura  3 
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Du*  to  too  ahearlag  deforsatloaa  of  tue  facoa,  ahearlag 
deforaatloa*  occur  is  tbo  eoro  else*  tho  vob  aleaent  aad  the 
fact  ere  boaded  or  othervlae  ceaaoctod  at  their  Juaetleae 
aloag  db,  gh,  ate. 

Froa  eleaeatery  elasticity  tho  follcviag  relatleaahlpa ' 

aro  valid  vhero  6  (l«c,f)  arc  tho  ahearlag  etraiaa  aad  tho 

7i 

othor  ojrahola  aro  glvea  la  Figuroa  1,  2,  aad  3. 


xyf 


20 


xyf 


xyc 


20 


tc 


jqre 


8  *xyf  *  Yf 


2  6  -  Y 

xyo  e 


't  h  tax  0 

c 


«Te 


•  ~  Coa  0 

e  hc 


<? 


*Cfhc  torn  0 
°xyf 


6 


Tch( 


c  °xyc  Co>  9 


But  for  coapatability  of  doforaatloaa  m  6  t  hoaco 

c  f 


T  .  I2IS.  Tf  8ia  0 
Cc  ®xyf 


U-27) 


It  ia  obvious  that  if  0  or  0  aro  aero  thoro  la  ao 

xyc 

atroaa  Induced  Into  tho  core  oleaoat. 
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6.  Weight  Relationship 

The  weight  relationship  Is  sees  te  be ,  froa  Figure  1, 

“  *  S  Cf‘f  4  fjc  4  “.4  « 

Pc’c  (!.*•) 

*  '  #.d  *  2  ft*t  4  sITT 

where  pf  and  ere  the  weight  density  of  the  face  aad  core 

■aterlale  respectively; 

p 

Wjid  Is  the  weight  In  lbs. /la.  of  plenforn  area  of  the 
adhesive  or  any  other  Material  used  to  Join  face  and  core) 

V  la  weight  in  lbs. /In  of  planforn  area  of  tha  entire 
panel. 
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D.  STRUCTURAL  0PTIMIZATI0H  OF  PAH ELS  WITH  FACBS  AMD  CORE 
OF  DIFFERBBT  ORTHOTROPIC  MATERIALS 


The  governing  aquations  partalnlng  to  this  construc¬ 
tion  to  be  used  In  tba  optimization  ara  given  by  Equations 
(1.10),  (1.21),  (1.23),  (1.26),  (1.27),  and  (1.20),  aad  ara 
rapaatad  balov  for  convenience: 

(E  3*  t1/** 

ltfy  *fx' 


(l-V  J 

v  xyf  yx*' 


h  * 

<r> 


12 


1/k 


(l-v  V  ) 
xyf  yxt 


tan  0 


(1.29) 


(1.30) 


T  *  — 
c  3 


1/* 


(E  ) 

cy  ex' 


(1  -V  V  ) 
v  xyc  yen' 


Cos 


(1.31) 


II  -  II  -  2  T  t 
xy  yx  f  f 


(1.32) 


0  rr  Sin  0 

Tc  -  *yc  Lf 

°xyf 


(1-33) 


w  -  w 


ad 


-  2 


Pc*c 
+  Sin  9 


(1-3*0 


The  philosophy  of  optimization  is  as  follows:  A 
truly  optimum  structure  is  one  which  has  a  unique  value  for 
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•  ach  dependent  rarlable  within  the  claea  of  structure  being 
'  udied  (triangulated  core  sandwich  panel,  for  example), 
for  each  set  of  materials  (7075-T6  clad  aluminum,  for 
example),  for  each  set  of  boundary  conditions  (simply 
supported  on  all  edges,  for  example),  and  is  the  minimum 
possible  weight  for  a  specified  set  of  design  loads  (in- 
plane  shear  load  per  unit  width,  i  ,  for  example),  and 

'  ■ 

will  maintain  its  structural  integrity  (no  mode  of  failure 
will  occur  at  a  load  less  than  the  design  load).  In  this  ease 
the  optimum  (minimum  weight)  structure  will  have  the 
characteristic  that  the  panel  will  become  unstable  in  all 

three  buckling  modes  simultaneously.  If  this  is  not  the  case 

/ 

then  one  of  the  failure  modee  corresponding  to  a  face  stress, 

■ey  X,  ,  occurs  at  a  higher  value  of  stress  than  the  other 
two,  say  Xim  Tj  Tt  .  However,  the  panel  will  fail  at  a 
load  corresponding  to  the  lower  face  stresses  Xx  and  Tj  , 
say  Vg  ■  K^.  This  in  turn  means  that  there  exists  material 
(which  of  course  has  weight)  in  the  structure  which  is  mot 
being  stressed  or  strained  sufficiently  for  it  to  be  used  most 
efficiently.  Thus  there  are  two  alternatives  available: 

(l)  Material  cam  be  removed  until  the  failure  mode  originally 
occurring  at  X,  is  reduced  to  the  critical  stress  Tj,  •  Xj  , 
la  which  case  a  lighter  structure  results  for  an  applied  load 
*2  "  *3*  Material  can  be  rearranged,  reducing  the  critical 

stress  value  originally  at  Xt  corresponding  to  the  first  mode 
to  some  value  ,  while  raising  the  critical  face  stress  values 
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associated  with  the  other  two  failure  code*  originally 
occurring  at  Xx  *nd  Tj  to  a  value  (  X,  >  XH  7  «fj) 

Mow  the  structure  with  the  sane  weight  ae  the  original 
arrangeaest  can  withstand  a  load  (corresponding  to  'tif  ) 
where  )  Kg  •  hence  a  greater  load  carrying  ability 
for  a  given  weight.  Obviously  both  (l)  and  (2)  can  be 
perforaed  slaultaneously  so  that  soae  aaterlal  is  reaoved  and 
soae  rearranged,  resulting  in  an  optlaum,  alnlaua  weight 
structure. 

Returning  to  the  Squatlans  (1.29)  through  (1.3*0,  the 

known  or  specified  quantities  are  the  applied  shear  load  per 

loch  ,  and  the  panel  width  b,  which  can  be  luaped  together 

as  the  load  index  (K  /b);  the  aaterlal  properties;  and  the 

xy 

panel  boundary  conditions.  The  bucklir*’  coefficients  J,  k^ 

and  are  coastants  for  any  given  set  of  variables  and  hence 

are  constants  for  the  optlaua  construction  being  sought. 

The  dependent  variables  in  the  set,  with  which  to 

optlalze  the  construction  are  the  face  thickness,  t^,  the 

core  depth,  h  .  the  web  aaterlal  thickness,  t  ,  the  web  argle, 
c  c 

0,  the  face  stress,  %  ,  the  core  etress,  X.  ,  end  the  weight, 

*  C 


It  is  seen  that  there  are  six  equations  and  seven 
unknowns.  The  seventh  equation  is  obtained  by  placing  the 
weight  equation  in  tcras  of  one  convenient  variable,  taking  the 
derivative  of  the  weight  equation  with  respect  to  this  variable, 
and  equating  it  to  zero  to  obtain  the  unique  value  of  the 
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variable  which  result*  in  &  ninlmuiQ  weight  structure. 

Manipulation  of  Equations  (1.29)  through  (1.3*0 
result*  in  an  expression  for  the  weight  equation  involving 
only  the  dependent  variable  9,  as  shown  below. 


b 


3^  _£ _ 

*•  (*,])*<  E 


(1-35) 

(1.36) 


Taking  the  derivative  of  (1.35)  with  respect  to  0, 
and  equating  it  te  zero  results  la  a  value  of  0  in  terns  of 
aaterial  properties  and  buckling  coefficients  which  will  result 
in  ninlnun  weight  structure.  This  expression  is: 

^(s.r,e)^(cose)*  +  2  (  Sir,  p)?/i 

'  f  *  °  (1-37> 

Rote  that  the  optinua  web  angle  is  independent  of  the  load  to 
which  the  panel  is  subjected. 

A  universal  relationship’'  nay  be  obtained  froa 
Equations  (1.29)  through  (1.3*0  which  relate*  the  load  index 
I  /b  to  a  unique  value  of  face  shear  stress  Tf  for  any  set  of 

A  m 

naterial  properties,  which  will  result  in  ninlnun  weight. 
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For  a  fire*  load  index  IT  /b,  a  panel  designed  vhicb  baa  a 

xy 

face  stress  higher  or  lower  than  tbe  value  give*  by  the 

following  relationship  will  result  la  a  panel  which  has  a 
weight  greater  than  can  be  achieved  If  this  universal 
relationship  Is  used. 

'*  yT  tan  0 

T"  k fl/2  7 

where  0  Is  obtained  fro*  (1.37). 

The  reaalnlag  geoaetrlc  variables  t  .  t  .  and  h  ,  as 

f  c  c 

wall  ss  the  weight  aquation  can  now  be  expressed  In  terns  of 
the  optlnua  face  stress  ?f  obtained  In  (I.38)  above. 


<r  * 
<-  f 


of 


(1.38) 


tf  2  tan  9  Tf 

~  '  k,l/sT  1/J 


(1.39) 


t 

c 

b 


£7  (iui  e)1/2 

k  1^2  J  1/f2  Cos  e 
c 


1/2 


°xyf 


s 

sc 


TJl 


(1.40) 


b 


I  1/2 


?,l/2 
s  x/2 

sf 


(1.41) 
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,  (Jprtr  f 

* 

Of  course  Equations  (1.39)  through  (l.bl)  ban  ba 
expressed  la  teraa  of  tha  load  index  by  the  proper  substltutlea 

of  the  universal  relatloaahlp  Equation  (1.36).  However,  the 

1 

expressions  are  sore  coapllcated  to  use  than  those  expressed 
la  terms  of  the  optlaua  face  stress. 

Aaother  useful  relationship  Is  expressed  below,  using 
Bquatlons  (1.39)  and  (l.4o). 


io  i/2  t  y*  k  */*  1 

_  (JZi)  (-it)  (-tf  — 1 


2  0. 


(81a  0) 


(1.^3) 


Detailed  design  procedures  for  this  type  if  construction 
are  given  In  nunnery  In  Section  H  of  this  chapter. 
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b  r*. 

.  feiicY1  t, 

f  Co*  O’ 

U.W) 

h.  Kt£]>i 

k  [eT  T1 

(1.^9) 

W-W^A  ,  fi 

(1.50) 

b  Ef 

[  (s.K©)Vt  j 

It  Is  else  seen  that 

tF 


^  '^tc /  v | -» If) 


(1.51) 


Detailed  design  procedures  for  this  'y pe  of  construction 
are  given  In  sunnary  In  Section  B  of  this  chapter. 
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F.  STRUCTURAL  OPTIHIZATIOW  0 T  PAHKLS  WITH  FACBd  AltD 
CORI  OF  TH1  SAMS  ORTHOTROPIC  MATERIAL 

B y  contracting  the  expressions  of  Bectien  0  for 
panels  vlth  faces  and  cere  of  different  erthotreplc  naterlals 
by  the  following  substitution. 


(  V 

xyc 

(t  'I 
xy 

Vyxc 

" 

v/*f 

1-  . 

I 

\  SC  J 

B.f  J 

J 

the  resulting  expressions  analogous  to  the  previous  two 
sections  are  found. 

The  optlnua  web  angle  9  Is  determined  by 


U-52) 


1  (4'«.U^Co*'9  4-Z(S-C)4  j^Co*l©rX  *  o  (1.53) 


Rote  that  0  Is  coapletely  Independent  of  all  naterlal 
properties  as  well  as  the  applied  shear  load.  In  particular, 
if  kf  -  kc,  0  -  20.40°. 

The  universal  relationship  is 

N»u  %  Mi?  +o*  6  'ifL 

b  Mf*  JK  £*  i1-*1*) 

The  other  Important  relationships  are  given  by 


•%  1(3  &  Tp 

b  ^*1  J v*-  g-j  (1*55) 
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k  -  $•"8)'”'  Xt 

b  C  J’L  C.,9  Ej 


w-vw  .  VTp  |  (fe)  *  ) 

to  V1  1  ^.e{v..e)"*-  J 

k  .  J-  __!_ 

kf  L  \Jfcj  (S‘n  8)V*’ 


(1.56) 

(1-57) 

(158) 

(1.59) 


Siaplifyiag  the  weight  equation  (1.35)  f or  this  claaa 
of  material  ayetema,  the  minimum  weight  panels  for  a  given  load 
Index  *xy/b  1 *  given  by 


1  f  ( l .  6o 

b  1  Vj*1  E8,/v  [  S,*®  (Uie)v*- 

Two  conclueione  are  drawn.  First,  the  best  ortho- 
tropic  material  to  use  in  such  construction  is  the  one  with  the 
highest  ratio  of  EKJ 

e('-svf* 

Secondly,  the  ratio  of  face  weights  to  core  weight  is 


Wf  _  h  (s.eef*’  # 

C-fef/Jec)Vt  ' 


(1.61) 
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la  the  eaoe  of  k  «  s  ,  ©  •  28. and  V  / w  -  1.J16. 

f  e  r  c 

Detailed  doiign  procedural  for  thii  typo  of 
coaatructioa  or#  givea  la  lunaary  la  Section  B  of  thii 
chapter. 
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0.  STRUCTURAL  OPTIMIZATION  OF  PAWSLS  WITH  TACKS  AMD  CORK 
OF  THE  SAMS  ISOTROPIC  MATERIAL 

Analogous  to  the  previous  sections  it  is  easily  seen 
that  the  Important  optional  relationships  for  this  class  of 
aaterial  systems  are  as  follows. 

The  optimum  web  angle  0  is  determined  from  the 

aquation 

z  (s„©}v*  US&  +  \  i  -  c*tVJ  (1.62) 


Again,  the  optimum  v«b  angle  9  Is  independent  of  the  material 

used  as  well  as  the  applied  load.  For  the  optimum 

o 

web  angle  6  •  20. Uo . 

Having  found  the  optimum  web  angle  9,  the  universal 
relationship  is  given  by 


are: 


Ny-^  _  M-f?  Tf  1  tu® 

b  Vl;'4  £ 


(1.63) 


The  other  relations  defining  the  optimum  construction 


if  „  ifJ  ( l-J *■)  t±~j  e  T> 

*>  r'L  z 


(1.6b) 


tc  a  /3  (l^L)  (s.ne)>/l  Tf  (1.65) 

u  *t'4  £  Cos© 


ill  a 

b 


u;  J 


'A. 


(1.66) 
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H.  DESIGN  PROCEDURES  FOR  PA MELS  OF  OPTIMUM  TRIAKOULATBD 
CORE  (SINGLE  TRUSS  COPE)  COHSTRUCTIOH  UNDER  IH-PLAHE 
SHEAR  LOADS 


Prior  to  discussing  the  detailed  design  procedure*.  It 
ia  advantageous  to  diacuea  certain  characteristics  of  the 
coefficients  J,  kf,  and  which  result  la  slgnlficaat 
slupll f lcatiom  to  the  design  procedures.  Proa  Bquatlem 
(1.19)  it  is  seea  that 


_ 4 _ 

1  ♦  *»f  km(v-o)  _  ‘ 
- 

L  M  j 


(1.71) 


The  coefficient  J  is  deternlned  In  a  straight  forward 
■anner  from  Figure  4-1  of  Reference  6,  in  which  it  is  plotted 
as  a  function  of  B g,  given  by  Equation  (1.13) •  (Hot*  B  ■  1 

1  /5 

for  an  isotropic  material),  and  l/r  -  (b/a)  (E^/B^  )  • 

In  (1.71),  K  is  a  function  of  the  core  transrerse 
shear  flexibility  parameters,  V*  and  ,  given  by  Equations 

(1.15)  and  (l.l6).  It  is  found  that  in  many  material 
systems  and  a  broad  spectrum  of  values  of  (H  /b),  and 

xy 

V|  are  very  small.  Por  instance,  for  a  square  panel  composed 
of  7075  ~  T6  clad  aluminum  alloy,  for  a  load  as  high  as  that 
corresponding  to  Tf  -  40,000  psi  (2000  psi  below  the  ultimate 
shear  stress),  V*  .  l.io  x  10  ^  and  Vu  -  1.8  x  10~^. 


Hence,  in  most  numerical  calculations  Ku  (V-0)  cd 


Km,  resulting  in 


J  -  J 


(1.72) 
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This  can  be  deternlned  at  the  outset  of  a  design  and 
hence  an  iteration  is  not  needed  to  design  the  panel. 

Similarly  k ^  is  deternlned  as  the  coefficient  j  in 
Figure  4-1  of  Reference  6  plotted  as  a  function  of  B?  given 
by  Station  (1.13)  and  l/r  -  (2  hc  tan  ©/a)  (Ej^/E^  )  • 

Since  in  aost  panels  Hc/a  «  1,  l/r  %  0.  In  this  case 
can  be  obtained,  without  iterating,  froa  Figure  4-1,  Refer¬ 
ence  6  at  the  outset.  Since  Is  nearly  constant  for 
0  <  l/r  <0.1,  it  would  appear  that  only  a  very  unusual 
coablnatlon  of  aaterlals  and  geonetry  would  require  an  Iteration 

Likewise  k  is  daterained  as  the  coefficient  1  In 

c 

Figure  4-1  of  Reference  6,  plotted  as  a  function  of  given 
by  Equation  (1.24),  and  l/r  -  (fac/a  Cos  ©)  (Eex/E  )^\  As 
above  h  /a  «1  so  that  l/r  0.  Hence,  k  can  be  deterained 
In  aost  cases  at  the  outset  for  l/r  •  0. 

Note  also  that  as  a  result  of  the  above  discussion 
usually  assualng  kf/kc  -  1  Is  valid. 

Turning  to  the  design  procedures,  utilizing  the 
expressions  derived  in  the  previous  sections,  there  are  several 
ways  to  proceed  to  design  a  panel.  However,  to  save  tine  and 
effort  In  developing  design  c  urves  for  panels  of  this  type  of 
construction  subjected  to  ln-plane  shear,  the  following 
procedure  la  suggested.  31nce  there  is  considerable  duplica¬ 
tion  In  procedures  for  each  of  the  various  material  systems, 
the  procedures  below  are  presented  in  a  unified  fashion. 
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1.  Known  quantities:  a,  b,  H  /b 

*y 

2.  /.fleet  the  material  eyetea  and  obtain  the 
material  properties  Ecx,  Bcy,  Efx,  *fy, 

Vxyf'  Vyxf'  Vxyc’  Vyxc‘  fc'  (*t'  and  th* 
ultimate  shear  stress. 

3.  Tron  Figure  *»-l.  Reference  6  obtain  J 
utilizing  the  facts  that 
Orthotropic  Face  Material: 


01  = 


Isotropic  Face  Material 
6z  s  I 


1  Lf  « 


1  -.jBt 
r  a- 


•L  =  /  £f>\y 

r  ^  S' 

At  the  outset  assume  J  •  J. 

From  Figure  *»-l,  Reference  6  obtain 
Initially  for 

Orthotropic  Face  Material  Isotropic  Face  Material 

B'-V  » 


L  -_° 


1  *0 

r 


From  Figure  4-1,  Reference  6  obtain  k^ 
initially  for: 

Orthotropic  Core  Material  Isotropic  Core  Material 

0j.  *  I 

l-o 

y  -  O  r 

Note:  For  Initial  calculation  k^/k^  •  1. 

Determine  the  web  angle  0  for  the  minimum 

weight  structure  through  the  following  equation: 
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F&cee  and  core  of  different  orthotropic  materials 

a(5,ad)J/*-  (Cr.0)1  + 

Faces  and  core  of  different  iaotroplc  materials: 
i(5..el*  (C~e)v  t  2  -O 

Faces  and  core  of  the  ease  orthotropic  or 
Isotropic  materials: 

a.(iw^v<t  £  c^d  -  x  *  o 

For  Initial  calculation  9  »  28.4°  (i.e.  where 
V“c  -  D- 

7.  For  the  calculated  value  of  0  and  the  load  index, 
determine  X{  from  the  "universal  relationship". 
Faces  and  core  of  different  orthotropic  materials 

Nsj  w  nil  tV; 

b  V-  f'1-  £*f 

Faces  and  core  of  different  isotropic  materials: 

,  Mf3  (i  -Vf1)  Tfx 

b  J"1  ef 

Faces  and  core  of  the  same  ortbotropic  materials: 

^4  W  ‘♦fi  TV*- 

*  v* ;  ^  ^ 
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races  and  core  of  the  ease  isotropic  Materials: 

,  4fJ  (»-JV)  tf1, 

*  V*  J ''*■  f 


6.  Determine  the  optimum  face  thickness  by 

tf  •*  Ny^/b 
k  IT, 

9.  Determine  the  optimum  veb  core  thickness  by: 

Faces  and  core  of  different  orthotropic  materials 


Faces  and  core  of  different  isotropic  Materials: 


Faces  and  core  of  same  orthotropic  or  isotropic 
materials : 


ts.  « 

tf 


1 

Z 


10. 


Determine  the  optimum  depth 
Faces  and  core  of  different 


Faces  and  core  of  different 


of  core  by: 
orthotropic  materials 


isotropic  Materials: 
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Faces  and  core  of  ease  orthotropic  Material: 


Face*  and  core  of  iaae  Isotropic  Material: 


11.  Determine  the  weight  of  the  optlaua  construction  by: 
Faces  and  core  of  different  Materials: 

NA/-W4*  2 .fie  lkf\  t  ft.  (Wfc) 

v>  ' 

Faces  and  core  of  the  sane  Material: 

12.  The  initially  calculated  values  of  J,  k.  and  k 

f  c 

can  now  be  checked. 

For  the  optimum  configuration  calculated  in 

steps  6  through  11.  V  and  "V„  can  now  be 

x  / 

calculated  using  Equations  (1.1$)  and  (l.l6). 

Then  can  be  calculated  using  Equation  (1.10) 
and  Km  (V-  0)  can  be  calculated  using  (1.10) 
in  which  Vx  -  -  0.  Hence  J  can  be  calculated 

from  (1.19)  in  which  J  is  the  number  calculated 
in  Step  3  aboYt. 
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A  new  value  of  k^,  can  be  calculated 
Figure  U-l  of  Reference  6,  in  which 
value  calculated  In  Step  U  above  ie 
with  the  actual  value  of  l/r,  which 


from 
the  B 

2 

used 

la 


1 

r 


2  h  tan  6 
c 


a 


(fli) 

Efy 


1/k 


A  new  value  of  k  can  be  calculated  froa 
c 

Figure  U-l  of  Reference  6,  in  which  the 
value  calculated  in  Step  5  above  la  uasd  1b 
conjunction  with  tLe  actual  value  of  l/r,  which 

la 


1 

r 


h 

_ c _ 

a  Cos  Q 


E 

cy 


1/U 


The  new  values  of  J,  k  ,  and  k  car.  be 

f  c 

compared  with  the  Initially  calculated  valuea 
to  determine  if  an  iteration  should  be  Bade. 

It  Is  worthwhile  to  note  that  In  the  construc¬ 
tions  Involving  the  same  face  and  core 
materials,  be  the  material  orthotropic  or  iao- 
troplc,  the  optimum  weight  given  by  Equations 
(1.60)  and  (I.69)  varies  explicitly  as  the 

Inverse  of  (j  k  )  '  ,  although  the  ratio 

1/2 

(kf/kc)  '  is  Involved  both  explicitly  in  the 
weight  equation  as  well  as  in  determining  0. 
However,  there  should  be  a  sizeable  difference 


32  - 


la  the  values  calculated  here  compared  with  these 
calculated  Initially  to  merit  an  iteratlen  la 
the  ealculatiea,  since  the  weight  Is  se 
insensitive  to  the  values  of  J,  kf,  and  kc . 
finally,  since  in  any  elastic  bedy  in  a  tve- 
diaeasional  stress  field,  depicted  la  figure  2, 
subjected  to  pure  shear, 

it  is  necessary  that  X {  and  Xc  reaala  at  a 
value  at  er  below  a  stress  value  corresponding 
te  the  proportional  Unit  ef  the  naterlal  for 
the  relations  in  this  optimization  to  be  valid, 
since  they  depend  upon  Henke's  Lav. 

Hence  for  the  optitfba  construction,  calculate 

t 

Tc-  *fS»e 

Gt* 

Xf  nust  be  equal  to  er  below  the  proportional 

Halt  ef  the  face  material  and  X  must  be 

c 

equal  te  er  below  the  proportional  Unit  of  the 


cere  naterlal. 
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CHAPTER  2 

METHODS  OF  RUCTURAL  OPTIMIZATIOH  FOR  FLAT,  WEB  COR* 

SANDWICH  PA*t  1  SUBJECTED  TO  IH-PLAlfE  SHEAR  LOADS 

A.  IHTRODUCTIOH 

Consider  e  f  ;t,  generalized  web  core  sandwich  panel 
shown  in  crossection  in  Figure  4  below.  The  tern  "generalised" 
refers  to  the  fact  that  at  the  outset,  the  angle  ®  is  not  taken 
as  zero. 


A _ 6  jfcf  C 


- <lf - -j 

- pi  +  tl - 

2(dr -  + 

Figure  4 

Oen'rallzed  Web-Core  Sandwich  Panel  Construction 

There  are  five  geometric  variables  with  which  to 
optimize;  nanely,  the  core  depth  (hc),  tbs  web  thickness 

(t  ),  the  face  thickness  (t  ),  the  angle  the  web  makes  with  a 

c  * 

line  normal  to  the  faces  (0),  and  the  distance  between  webs  (df). 
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The  overall  panel  to  be  considered  is  shown  in  plan- 
fora  in  figure  2.  As  in  Chapter  1,  the  panel  of  width  b 
and  length  a  is  subjected  to  ln-plane  shear  loads.  I  and 

■  . 

y* 

The  panel  of  generalized  web  core  construction  is 
considered  to  fall  if  any  of  the  following  instabilities  occur: 
overall  instability,  local  face  shear  instability  between  A 
and  B  (figure  k) t  local  face  shear  instability  between  B  and 
C  (figure  k) ,  and  shear  instability  in  the  web. 

Thus,  for  the  generalised  construction  there  >re  four 
■odes  of  instability  M  failure,  and  five  geometric  variables 
with  which  to  optialse.  To  describe  each  failure  node,  the 
analytical  expression  used  in  the  following  is  the  best  avail¬ 
able  in  the  literature. 
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B.  ELASTIC  AHD  GEOMETRIC  COHSTAHTS  ASSOCIATED  WITH  OEWBRALIZEP 
WEB-CORE  COESTRUCTIOH 


The  elastic  and  geometric  constants  for  generalised 
web-core  construction  can  be  determined  from  those  given  In 
■ore  general  fora  by  Llbove  and  Bubka  In  Reference  V.  For 
the  core  construction  shown  In  Figure  V,  the  following 
constants  are  obtained. 

The  axes  of  the  core  per  unit  width  of  web  core 

crossectlon  parallel  to  the  yz  plane,  A  Is  given  by 

c 


-r  t  h  , 

Ac  “  — £_C -  (in-) 

(d  +  h  tan  9)  Cos  0  (2.1) 

*  c 

where  the  symbols  are  defined  In  Figure  k. 

The  aoaent  of  Inertia  of  the  core  per  unit  width  of 

web-core  crossectlon  parallel  to  the  yz  plane,  taken  about  the 

centroldal  axis  of  the  core  crossectlon,  I  ,  Is  seen  to  be 

c 


I 

c 


t  h  3 
c  c 


12(d  +  h  tan  9)  Cos  9  12 

X 


A  h  2  3 

•  c  c  (in.3) 


(2.2) 


The  extensloaal  stiffness  of  the  plate  In  the  x 
direction  EA^,  Is  given  by 

EAx  -  EcAc  +  2  Bftf  (lbs. /in.)  (2.3) 

where  end  E.  are  the  moduli  of  elasticity  of  the  core  and 
c  r 

face  naterlel  respectively. 
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The  transverse  abaar  atiffaeaa,  par  uni t  width  la  tha 
j  direction,  of  oa  elaaant  of  tho  sandwich  cut  bjr  two  xa 


pianos,  D  ,  is  fouad  to  bo 


0  t  h  Coa  0 
c  e  c 

(d^  ♦  he  tan  0) 


(lbs. /in. ) 


(2.M 


Tho  transverse  shear  stiffness,  per  unit  width  in  the 

/ 

x  direction,  of  aa  slensnt  cut  by  two  y a  planes,  D^,  because 
of  tho  discontinuity  of  the  core,  is  seen  to  bo 


D  •  0 

q y 


(2.5) 


Lastly,  the  aoasit  of  inertia  per  unit  width,  1^, 
of  tho  faces,  considered  as  nsnbranss  with  respect  to  tho 
sandwich  plats  alddle  surface,  ia  soon  to  bo, 

t  h  2 

I  .  (in.3)  (2.6) 
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C.  OOVERJIIHQ  EQUATIOHS  FOR  PAHELS  WITH  FACES  AHD  CORK  OF 
DIFFEREHT  ORTHOTROPIC  MATERIALS 

81nce  panels  In  which  faces  and  core  utilise 
different  orthotropic  materials  in  the  aost  general 
Materials  system  considered  in  this  study,  it  is  con* 
venient  to  derive  all  expressions  and  subsequently  perform 
the  optimization  for  this  case  first. 

1.  Overall  Stability 

The  best  analytical  expression  describing  the  overall 

instability  of  the  generalized  web  core  sandwich  panel  under 

ln-plane  shear  loading  is  given  by  Equation  (1.9).  Proa 

Equation  (1.16)  it  is  seen  that  due  to  D  -  0,\T  fer  this 

qy  wy 

construction  is 


V-  06 


(«-7) 


Under  this  condition,  the  value  of  K  given  by 
Equation  (1.10)  can  be  determined  for  this  construction  by 
dividing  both  numerator  and  denominator  by  "Vy,  then  setting 
Vy  “  04  .  The  result  is 


K 


M 


»1°1  *  B3c2  ♦  V 


(2.6) 


As  before. 


km  (V-  0) 


Vi  ♦..2  B2C2 


(2.9) 
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The  flaal  relation*  for  overall  buckling  to  be  used 
la  the  optimisation  below  are  given  In  Equations  (1.16)  aad 
(1.19),  la  which  Equations  (2.8)  and  (2.9)  are  utilised. 


2.  Face  Plate  Instability  (Region  A  to  B  In  Figure  4j 
Proceeding  as  in  Chapter  1,  Equation  (1.20)  Is 
utilised  where  for  this  region  it  is  seen  that  h  •  tf  and 
b  -  d  ♦  2  h  tan  0.  The  final  expression  Is  therefor* 

.  rE  3e  \l/k  t  2 

LKfy  Efxj  tf _ 

Tf  *  3  (1-v  fv  )  (df  .  2  hc  t.n  8)S 


{?.  »r-j 


where  kf  is  determined  as  J  In  Figure  4-1,  Reference  6,  In 
which  for  this  plate  element  B.,  1«  k tven  by  Equation  (1.13) 


1  d-  +  2  1»  tan  0 
in  I  C 


Bf  1/k 
(JS.) 

Kty 


(2.11) 


3*  Face  PIt te  Instability  (Region  B  to  C  In  Figure  41 
Again  .quatlon  (1.20)  is  utilised  where  for  this 
region  it  la  seen  that  h  -  tf  and  b  ■  d^.  The  final 
expression  Is  therefore 


k  Te  3e  ~1  V 

kf 2  lgfy  gfxJ  — ; 

’  3  ^-TxyfVyxf)  V 


(2.12) 


where  k^  is  determined  kb  J  In  Figure  4-1,  Reference  6  In 
which,  for  this  plate  element,  Bg  is  given  In  Equation  (1.13)  and 
d,  .  E-  . 


I  .  ff.  (gfx)' 
r  a 


(2.13) 
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4 .  Web  Plate  Instability 

For  the  veb  plate  instability  in  the  generalized 
veb-core  construction,  the  expression  used  ie  Equation  (1.20) 
in  which  h  -  fc  and  b  «  h  / Cos  9,  with  the  result  that 

C  c ' 


t 


c 


[e  3e  1  i/k 
L  ey  6cxJ 

U-v  V  ) 

xyc  yptc 


2  2 
t  Cob*  9 
c 


(2.14) 


in  which  k  ie  determined  as  j  in  Figure  4-1,  Reference  6, 

c 

utilizing  given  by  Equation  1.24  and  l/r  given  by 
gquation  (1.25). 

5 •  Load-Stress  Relationship 

Aa  in  the  case  of  triangulated  core  conetruction,  the 
load  stress  relationship  is  given  by  Equation  (1.26). 

6 .  Core  Stress  -  Face  Stress  Relationship 

It  is  seen  that  the  mechanics  of  shear  deforMation 
compatibility  between  face  and  core  for  t.he  generalized  web 
core  construction  is  identical  to  that  of  the  triangulated  core 
construction  since  d^  does  not  enter  into  consideration.  Hence 
the  core  stress  -  face  Btrees  relationship  for  the  generalized 
veb  core  construction  ie  given  by  Equation  (1.2?). 

7 *  Weight  Relationship 

The  weight  of  the  generalized  web  core  panel  is 

given  by 
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v  -  v 


ad  -  ?  Pftf 


P  * 

V  c  c 


Utilising  Equation  (2.1),  the  ratult  it 


v  ~  v 


ad 


p  t  + 
if  f 


3  t  h 
c  e  c 


(d^  ♦  tan  9}  Cot  9 


-  4l  - 


(2.15) 
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D.  STRUCTURAL  OPTIMIZATION  0?  PANELS  WITH  FACES  AND  CORE  OF 
DIFFERENT  ORTHOTROFIC  TRIALS 

The  governing  equations  pertaining  to  the  general! ted 
veb  core  construction  of  Figure  4  to  be  used  in  the  optimisa¬ 
tion  are  given  by  Equations  (l.l8),  (2.10),  (2.12),  (2.14), 
(1.26),  (1.27),  and  (2.15),  repeated  below  for  convenience. 

'A 

rf  =  hi.  j  (2.1  C) 

Tf  •  hhi  Ifk/jhA _ ti -  (2.17) 


Tf  -  'kft.  ^  tf~ 

3  )  df v 


(2.18) 


f  3  ~i  ^ 

'Tc.  s  JjfhchtJ. 

2  U~ 


tt1  Cos*& 

Ac1 


(2.19) 


=  Ny*  «  2tfTr 
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tc  =  ?>  s,n  e 

(*Kvr 


(2.21) 


W-W,g  -  -?or  ^  +  ftichc, _ 

(elf  +  &*v£?j  Cot  Q 


(2.22) 


The  philosophy  of  optimization  is  identical  to  that 
given  in  Section  D,  Chapter  1. 

The  knovn  or  specified  quantities  in  the  set  of 
Equations  (2.l6)  through  (2.22)  are  the  applied  shear  load 
per  inch  N^,  and  the  panel  vidth  b,  which  can  be  lumped 
together  as  the  load  index  If  /b;  the  material  properties; 
and  the  panel  boundary  conditions.  The  buckling  coefflclmnts 
J,  k^  kf2  and  kc  are  constants  for  any  given  set  of  variables 
and  hence  are  constants  for  the  optimum  construction  being 


sought. 


The  dependent  variables  in  the  set  with  which  to 


optimize  the  construction  are  the  face  thickness,  tf;  the  core 
depth,  h^;  the  web  material  thickness,  tfi;  the  web  angle,  9; 
the  distance  between  webs,  d^,  the  face  shear  stress, 

the  core  shear  stress,  T*  ;  and  the  weight,  W  -  W 

<*C  ad 

Hence,  for  the  generalized  construction  there  are 
seven  equations  and  eight  unknowns.  However  equating  Equations 
(2.17)  and  (2.18)  it  is  easily  determined  that  for  the  optimum 


web  core  construction, 


9-0 


(2.23) 
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f 


However,  it  is  then  seen  that  with  9*0,  Equation  (2.21) 
above  that 

rc  -  0  (a-**) 

Hence  it  la  seen  that  for  the  optimum  web  core 
construction,  in-plane  shear  stresses  applied  to  the  edges  c T 
the  panel  induce  no  stress  into  the  core,  since  9  •  0°.  These 
results  are  intuitively  obvious.  This  in  turn  means  that  the 
Equation  (2.19)  is  no  longer  a  governing  equation  since  the 
core  can  never  buckle  because  it  remains  unloaded. 

Utilizing  (2.23)  end  {2,2k)  the  governing  equations 
now  are  seen  to  be: 

Xr  ~  !tfy  t-f*!  hs~  j 

<>  .  4  t± 

^  (l  ~  f  f)  Qf 
vher -»  kf  -  kf2 

*  zifTf 

(W*  W V.<t)  *  2  tP  +  |Qc  £J.<. 

Hence,  there  are  four  equations  and  six  unknowns,  namely  t^, 

t  ,  h  ,  d  ,  and  W  -  W  ,  remaining  with  which  to  optimize, 
c  c  f  eu 
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(2.25) 

(2.26) 

(2.27) 
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Through  algebraic  manipulation  of  the  above,  the  weight 
equation  can  be  placed  In  the  following  convenient  fora. 


(>y°)  .  ifi hL  (s.s») 

The  weight  equation  is  then  expreeeed  In  terae  of  the 

face  etrese  't  and  the  core  thicknees  t  ,  which  are  the  only 
f  c 

unknowns.  It  is  seen  that  obviously  nlnlaua  weight  occurs 

where  t  *0,  however  that  violates  the  type  of  construction 
c 

assumed.  Also  t  cannot  be  determined  by  buckling  requireaents 

since  the  core  Is  not  stressed.  For  the  present  t  will  be 

c 

considered  as  a  constant  quantity  to  be  specified  later  by 
another  criterion. 

If  the  derivative  of  the  weight  equation  with  respect 
to  the  remaining  variable  TJr  is  taken  and  equated  to  sero 
the  following  relationship  results  which  provides  that  value 
of  Tf  for  a  minimum  weight  structure. 

hLf  (j-y^i  ^1**)  (ti/t »)  Tf 1 

b  v/"*  W  \S^r 

This  is  a  "universal  relationship"  relating 

optimum  face  at  ess  for  a  specified  (t  /b), 

c 

This  relationship  can  be  rearranged  to  give 


(2.30) 

load  index  to 
as  yet  unknown, 
the  following: 


-  - 
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Tr  -  ££  (erf  [*>&.?'  K/») 

2Vj  (  3)  I  ( » -  V..; f  , )!/J  (Wk) ^ 


£ 

•/» 


(2.31) 


Substituting  (2.31)  Into  (2.29)  gives  the  weight  of 
the  optimum  structure  in  terms  of  all  known  quantities  except 
the  unknown  t  . 


W- 

b 


X 


*/j  Vj 

ot  Or 


2*'  IXF 


6- 

[^•/  *f‘x 


(2.32) 


It  Is  quite  clear  that  the  smaller  the  value  of  t  , 

c 

the  lower  the  weight  for  a  panel  with  given  materials  and  a 
given  load.  From  the  "universal  relationship"  (2.30), 
for  a  given  material  system  and  load  index, ^t^ /b^ decreases 
as  Tf  increases.  Therefore,  It  can  be  concluded  that  from 
Equation  (2.32)  the  weight  is  minimum  for  the  highest  allowable 
Tf  that  can  be  tolerated. 

This  differs  from  all  optimizations  previously  per¬ 
formed  in  References  1,  2,  and  3,  and  in  Chapter  1  of  this 

report.  The  reason  is  that  in  all  previous  cases  t  was 

c 

determined  by  buckling  criteria.  Here,  t  is  determined  by 

c 

strength  considerations,  not  by  buckling  requirements,  sines 
the  core  is  unstressed  under  this  loading  condition.  Hencs 
for  minimum  weight, 


% 


(2.33) 
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where  X>faJbL  ie  the  maximum  allowable  shear  stress  for  tne 
face  material.  For  Isotropic  face  materials,  7] cXJa  can  be 

taken  as  the  ultimate  shear  stress  of  the  material.  8ince  the 
shear  stress  Xf  Is  equal  In  value  to  the  maximum  principal 
stress  (see  Equation  (1.51),  Reference  2),  for  stresses 

above  the  proportional  limit  reduced  values  of  the  elastic 
modulus  can  be  used,  as  discussed  in  Equation  (1.2$)  of 
Reference  1.  For  orthotropic  face  materials, 

is  the  proportional  limit  of  the  material  for  all  relationships 

in  this  optimization  to  be  valid. 

Substituting  (2.33)  into  (2.30)  (t  /b)  is  now 

c 

clearly  determined  for  a  given  material  system  and  load  index 
(H  /b).  All  other  variables  are  also  determined.  The  results 
are  summarized  below: 


0=  Tc.  -  O  (2.31, 

tt  v  L^yAl  (2.35 

4  *  W 


b 


IPl  ) 


(2.36 
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W-wA<  - 
b 


3^f 


(2.39) 


In  addition,  there  are  two  useful  relationships  for 
the  optimum  construction 


y±t  --  Z  (£»K>) 


ho  *  (  IfA  (2.*U) 

dr  iMM 

Several  points  are  worthy  of  note  here,  which  are 
also  valid  for  this  and  subsequent  sections  dealing  with  iso¬ 
tropic  materials,  or  for  faces  and  core  of  the  same  material. 

Again  as  for  optimum  web  core  construction  under 
uniaxial  compression  ,  the  optimum  web  core  construction  under 
in-plane  shear  has  the  characteristics  that  9  ■  0°,  (h^/d^,)  ” 

(  j5^/  ^>c)  (tf/t^)  and  Wf/Wc  -  2.  However,  other  parameters 
of  the  geometry  differ. 

It  is  interesting  to  note  that,  as  shown  in  (2.3?), 
the  face  thickness  for  a  given  load  index  is  determined  only 
by  the  allowable  shear  stress  of  the  face  material.  Also 
from  (2.37)  the  core  depth  is,  for  all  practical  purposes. 
Independent  of  the  load  applied.  Also,  from  (2.39)  the  weight 
of  the  optimum  structure  is  Independent  of  all  material 
properties  except  the  allowable  shear  stress  and  the  density  of 
the  face  material  and  varies  linearly  as  the  load  index.  Thus 
the  best  material  for  this  construction  is  the  one  with  the 
highest  ratio  of  (T fan,  f  ft  ^ '  Detailed  design  procedures  for 
this  type  of  construction  are  given  in  Section  H  of  this  chapter. 
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R.  STRUCTURAL  OPTIMIZATION  Of  PANELS  WITH  RACES  AMD  C0R1 


OF  DIFFERENT  ISOTROPIC  MATERIALS 


By  aaking  the  following  contrac'.ions  of  the  results 
of  Section  D,  the  optimal  relationships  are  obtained  for 
panels  with  faces  and  cores  of  different  isotropic  materials. 


V  ■  v  •  V 

xyi  yxi  i 


('  1>12) 


(1  “  c,f) 


(i  -  c,f) 


<2.42) 


E ^  •  Kf  for  stresses  above  the  proportional  Halt, 


The  resulting  expressions  can  be  written  as 


6~  Tc.-  0 


<2. *3) 


jit  |  =  J^XyAJ 

\b)  irf 

raiAj 


<2.U>) 


,  lQt\  *£]*'  gf  K/-)1, 


e '  (0 


'if?  0-^)  TfL 


(2.45) 


f .  I  1  |  'i  rr* 

J-\!f  J 

~  Kt  r  V*. 
J  Ef 


(2  *6) 


<±t  -  If  /"6yl) 

2  2<3 


(2.47) 
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w -Mod  »  3pt 

(2. %8) 

b  2  aM 

Wf  -  z 

(2.*9) 

Wc 

5f  ’©(7.) 

(2.50) 

Detailed  design  procedures  for  this  type  of  construction 
are  given  in  summary  in  Section  B  of  this  chapter. 
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t.  STRUCTURAL  OPTIMIZATIOH  Of  PAH ELS  WITH  FACE8  AID  COR1 
OF  THE  SAME  ORTEOTRQPIC  MATERIAL 

By  contracting  tha  axprasslons  of  8actlon  for  panals 
vlth  facas  and  cora  of  diffarant  orthotropic  notarial!  by  tha 
fallowing  substitiona. 


v 

-  y 

m  y 

rxyc 

'xyf 

rxy 

V 

> 

i 

•  V 

yxc 

yxc 

*jr 

K.c 

*  *.f  " 

tha  following  aquations  apply  to  optlnun  construction  la 
which  tha  faca  and  cora  ara  of  tha  saaa  arthotraplc  notarial. 

0-  7C  «  O  (2.52) 


i£  *  (2.53) 

h  *  w 


fif  1  J'f 

0  Tri 


(2.56) 
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4 


$ 


V'WlI  •  3  f  (^A)  (*.57) 

b  *  W 

W£  .  a.  (».5e) 

Wi 

hi  *  if  (8*59) 

t<. 


Detailed  design  procedure*  for  this  type  of  construction 
are  given  in  suanary  in  Section  H  of  tbi*  chapter. 
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0.  ATRUCTORAL  OPTIMIZATIOl  OF  PAM1L8  WITH  FACE8  AMD  C0R1 
OF  TH8  SAKS  ISOTROPIC  HATBRIAL8 

Froa  Section  E,  simply  removing  the  eubecripte 
associated  with  each  material  property  proridee  the  result 
iag  governing  equation!.  Ai»o  frea  (2.50)  it  is  aeon  that 
at  la  the  ceaetructlen  involving  face  and  core  of  the  ease 
erthotroplc  material, 


(2. 60) 
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H .  DE8I0H  PROCEDURES  TOR  PAH EL8  OF  OPTIMUM  WEB-CORE 


Prior  to  discussing  detailed  design  procedure*,  It 
Is  advantageous  to  discuss  certain  characteristics  of  the 
coefficients  j  and  kf,  which  cen  result  in  significant 
sinplif ications  to  the  design  procedures.  Proa  Equation 


(1.19)  it  la  seen  that 


/ 1  H  £  _  tj 


(2.61) 


The  coefficient  J  is  determined  in  a  straight¬ 
forward  manner  from  Figure  4-1  of  Reference  6,  where  it  1* 
plotted  as  a  function  of  given  by  Equation  (1.13) 

(Note  R.,;i  -  1  for  an  isotropic  face  material),  and  l/r  * 

(»/*>  0!fx/Bfy)l/t. 

In  Equation  (2.61),  Kg  given  by  Equation  (2.8)  for 
this  type  of  construction  is  a  function  of  the  core  transverse 
shear  flexibility  parameter  V*  . 

From  Reference  6,  Y*  is  seen  to  be 


V  -  jl'  tTTO 


(2.62) 


In  terms  of  this  construction,  utilizing  (2.4)  for 


e) 


(2.63) 


MKC-JU&-11I0 


Row  for  the  most  general  materials  system,  namely 
faces  and  core  of  different  orttu  tropic  materials,  substitution 
of  (2.35)  through  (2.38)  into  (2.0  s)  results  in 


Bence,  for  almost  all  msterial  systems  Vx«  ! 

Hence  since  in  Equation  (2.8)  all  other  quantities  are 
usually  of  order  one 


U  C  + 

‘V'l 


V* 


(2.65) 


Therefore  J  can  be  determined  at  the  outset  by 
Equations  (2.6l),  (2.9),  and  (2.65),  and  only  occasionally  will 
an  iteration  ^e  necessary. 

The  coefficient  can  be  also  closely  approximated 
from  Figure  4-1,  Reference  6,  by  taking  l/r  »•  0,  since  in 
Equation  (2.13)  For  most  cases  df/a«l,  and  k^  is  almost 
constant  for  a  given  in  the  range  0  <  l/r  <  0.1.  This 
philosophy  is  discussed  more  in  detail  in  Section  B  of  Chapter  1. 

Rote  also  that  the  minimum  weight  expression  is 
Independent  of  J  and  kf.  They  are  needed  to  proportion  the 
panel  only. 

Turning  now  to  design  procedures,  utilizing  the 
expressions  derived  in  the  previous  sections,  there  are  several 
ways  to  proceed  to  design  for  minimum  weight.  However,  to  save 
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time  and  effort  In  developing  design  curves  for  web-core 
panala  subjected  to  ln-plane  shear,  the  following  procedure  la 
suggested.  Since  there  Is  considerable  duplication  in 
procedures  for  each  of  the  various  Material  systems,  the 
procedures  below  are  presented  in  a  unified  fashion. 

1.  Known  quantities:  a,  b,  Jl^/b 

2.  8elect  the  meterlal  system  and  obtain  the 

material  properties:  .  “ex'  fcy'  *£z*  Vxyf# 

^yxf*  "'xye'  "*yxc*  P c* 

3.  From  Figure  4-1,  Reference  6,  obtain  J 

utilizing  the  following  calculated  values. 

Orthotropic  Face  Material  Isotropic  Face  Material 


4. 


Bz 

1_ 

v- 


T  2-Gx^f  Vayp 

■jlfX  Ef* 

*  Jo  /  gfA 


Bg«l 

i=h 

k 


Calculate  an  initial  value  of  J  from 


7 

where 


K'm(^O) 

Km 


K"  (V*o)  -  S,C,+  ZSLCi  + 

*  *  _A- _ 

<H  0,C,-t 


ii 

e, 


and  the  constants  A,  B^,  and  Bg  are  given  in 
Equations  (1.11),  (1.12),  and  (1.13).  ihe 
values  are  given  in  Equations  (7)  through  (10) 
in  Reference  2  for  various  boundary  conditions, 
where  for  shear  loading  n  -  1  only. 
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5.  Fro*  Figure  4-1,  Reference  6,  obtain  iaitlal 

value  of  k  by  using  B  of  step  3  above,  and  l/r  ■  0. 
f  2 

6.  Determine  the  optinun  weight  for  any  material 
system  by 

w-w.t  _  jfe  ( 

b  2  Tftutl. 

7.  Determine  the  optimum  face  thickness  for  any 
material  system  by 


tf  - 

y  1  Xfa*L. 

Determine  the  optimum  web  core  thickness  by 
Faces  and  core  of  different  orthotropic  material 

-  ft  J’f'1' j  1  Ese 
b  £  ‘'VT  trta. 

Faces  and  core  of  the  same  orthotropic  material 

ti.  -  L  Ef  (N*)/b) 

b  4/j 

Faces  and  core  of  different  isotropic  materials 

tc  , 
fc  ?c 

Faces  aad  core  of  the  same  isotropic  material 

iff  (>■**) 

Determine  the  optimum  core  depth  by 

r'r'.  1  Vi. 


he.  _ 

b 


'tfalUL 

T?-. 
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for  faces  and  core  of 
different  or  the  iui 
orthotropic  material 

for  faces  and  core  of 
different  or  the  sane 
Isotropic  aaterlals 

10.  Determine  the  optimum  veb  spacing  by 

ae.  *,*■  (*»M 

where  B  Is  defined  above. 

11.  The  Initially  calculated  values  of  J  and  k^ 

can  be  checked.  For  the  optlaua  configuration 

above,  can  now  be  calculated  using  Equation 

(2.64)  or  Its  slapllflcatlons  for  isotropic 

materials,  or  when  core  and  face  materials  are 

the  same.  Then  K  can  be  calculated  using 

M 

Equation  (2.8).  Finally  the  actual  J  can  be 
calculated  using  Equation  (2.6l)  and  compared 
to  the  assumed  value  of  step  4  above  to  see  If 
an  Iteration  Is  required. 

Ifext  with  the  optimized  geometry,  the  actual 

value  of  l/r  can  be  calculated  using  Equation 

(2.13).  Looking  at  Figure  4-1,  Reference  6,  the 

actual  k  .can  be  compared  with  that  obtained  in 
f 

step  5  above  to  see  If  an  iteration  is  required. 
If  an  iteration  is  worthwhile,  then  with  the  new 
values  of  J  and  k^,  steps  6  through  11  can  be 
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CHAPTER  3 

COMPARISOH  OP  OPTIMIZED  PUT  SAEDVICH  PAR  ELS  UHDER  IE- PURE 
8HEAR  LOADS  POR  THREE  CORE  0E0METRIE8 

7075-T6  clad  aluainua  la  chosen  as  tha  typical 
Isotropic  notarial  with  which  to  aaka  a  coaparisoa  bstvssa 
tha  subject  types  of  coastructioa  to  deteraiae  relative 
aerits.  Also,  in  studies  of  tea  aaterial  systeas  listed  aad 
studied  ia  Refereaces  1  aad  3  which  iaclude  aetals  aad  re- 
iaforced  plastics,  as  well  as  isotropic  aad  orthotropic 
aaterials,  the  results  showed  that  with  the  exception  of 
berylliua,  7075-T6  aluairua  is  sigaif icaatly  better  thaa  the 
other  aaterials  for  hoaeycoab  paaels  subjected  to  la-plane 
shear  loads.  A  square  paael  (a/b  -  l)  is  chosen  with  a 
hexagonal  cell  honeycoab  core.  The  constants  for  hoaeycoab 
cores  as  deterained  by  Kaechele  (Reference  9),  the  precedures 
given  in  Reference  2,  aad  the  methods  developed  la  Reference  1 
are  used  herein.  Por  the  optimum  web  core  construction  an 
allowable  stress  of  40,000  psl  is  used.  The  results  are 
presented  la  Table  1. 
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Table  1 

Comparison  Between  Optimum  Triangulated,  Corrugated 
Core  Optimum  Web  Core  end  Optiaua  Hexagonal  Hoaeycoab 
Core  Square  Panel  8ubJec.e-‘  to  In-Plnne  Shear  Loads 
(7075-T6  Clad  Aluninua  Facet  end  Core)  Hoaeycoab  Core 
Constants  by  Kaechele 


rf(pel) 

"  /Mp«0 

*  J 

ilone  yc  omb 

(V-W  )/b 

(lb/in3) 

Honeycomb 

*xy/b(**‘' 

Truss-Cere 

Tru  -Core 

(v-v,4)/t 

(lb/1*3) 
Web  Core 

12,000 

k.  52 

0 . 379*10'* 

2.66 

0.395x10** 

0.163*10"* 

16,000 

S.lU 

0.517*10"* 

4.00 

0.53**10"* 

0.294x10'* 

10,000 

10.52 

0. 594x10'* 

6.  20 

0.613*10'* 

0.380x10"* 

20,000 

13.  ok 

0.66lxl0~* 

7.68 

0.684x10'* 

0.470x10"* 

30,000 

29 .  ’» 

I. 00x10'* 

17.3 

1.015x10'* 

1.061x10"* 

4o,ooo 

52.2 

1.330x10'* 

30.7 

1.37x10"* 

1.885*10"* 

It  is  seen  that  for  the  saae  face  stresB,  the  truss- 
core  construction  carries  much  less  load  and  yet  weighs  aore 
than  the  honeycomb  cere  construction.  However  the  coaparlsen 
can  best  be  made  by  plotting  the  weight  as  a  function  ef  the 
load,  as  Is  seen  In  Figure  5*  The  percentage  figures  shewn 
refer  to  the  percent  overweight  the  optiaua  triangulated  core 
const] uctlon  Is  compared  to  the  optiaua  hoaeycoab  construction. 

It  Is  seen  that  at  least  for  this  example  the  optiaua 
honeycomb  construction  Is  significantly  better  than  the  optiaua 
triangulated  corrugated  cere  construction.  It  is  believed  that 
the  Base  comparison  will  hold  for  square  panels  in  which  face* 
and  ccr«  are  composed  of  any  ether  isetreplc  aaterial.  In 
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. 
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addition  It  la  felt  that  any  changes  In  a/b  ratio  should 
not  alter  the  comparison  to  such  an  extent  that  truss  cor* 
construction  would  be  competitive.  Jlor  is  it  likely  that  ths 
us-  of  orthotropic  materials  could  alter  the  comparison  so 
significantly  that  truss  core  c onstruc tieu  would  bo  favorably 
competitive  with  the  same  materials  used  in  honeycoab  coro 
panels  for  in-plane  shear  loadings. 

It  is  seen  that  the  optimum  web  core  construction 
results  In  considerable  weight  savings  over  optimum  honeycoab 
core  construction  in  the  low  load  index  range.  However,  in 
the  higher  ica  ’  index  range,  it  does  not  compare  favorably 


with  honeycomb  core  construction.  This  trend  will  exist  In 
other  material  systems  and  a/b  values  because  in  optimum  honey¬ 
comb  sandwich  construction  the  weight  varies  as  (H  /b)*/^  while 

*y 

in  optimum  web  core  construction  the  weight  varies  as  (H  /b) . 

xy 

Hote  also  that  in  t; e  optimum  web  core  construction  the  face 


stress  T  is  constant  over  the  entire  range  of  load  index.  If 
.  is  reduced  for  some  other  factor  the  slope  of  the  curve 


in  Figure  5  increases. 
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CHAPTER  K 

METHODS  OP  STRUCTURAL  OPTIMIZATION  FOR  PLAT  TRIAHOULATED 
(8IH0LE  TRUSS)  CORE  SAHDWICH  PAHEL8  SUBJECTED  TO  BOTH 
UNIAXIAL  COMPRESSION  AND  IN-PLANE  SHEAR  LOADS 

Methods  of  analysis  for  the  structural  optimization 
of  truss-core  sandwich  panels  subjected  to  uniaxial  compressive 
loads  were  derived  in  Chapter  1  of  Reference  1.  It  vas  seen 
in  subsequent,  numerical  examples  that  under  uniaxial  com¬ 
pressive  loads  optimum  flat  panels  of  single  truss  core  con¬ 
struction  were  a  few  percent  greater  in  weight  than  optimum 
honeycomb  core  sandwich  panel  construction. 

Methods  of  structural  optimization  for  truss-core 
sandwich  panel  construction  subjected  to  ln-plane  shear  loads 
were  developed  In  Chapter  1  of  this  report.  In  Figure  5  It 
is  seen  that  in  the  numerical  example  performed  In  Chapter  3 
truss  core  construction  is  significantly  heavier  than  optimum 
honeycomb  core  construction. 

It  can  be  surmised  that  If  single  truss  core  panels 
are  to  be  used  at  all  for  combined  uniaxial  compressive  loads 
and  ln-plane  shear  loads  it  will  very  likely  be  for  combina¬ 
tions  in  which  the  in-plane  shear  load  Index  N  / b  is  smaller 

xy 

than  the  uniaxial  compressive  load  index.  N  /b.  Otherwise 

x 

the  construction  could  very  probably  be  inefficient  compared 
to  other  alternatives. 
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It  can  also  be  seen  from  the  expzeeelone  for  optimum 
construction  that  the  optinun  truss  core  construction  for 
uniaxial  compressive  loads  differs  in  proportion  from  that 
for  optimum  construction  for  in-plane  shear  loads.  For 
Instance,  when  face  and  core  materials  are  the  same,  9  - 
32.4°  for  the  uniaxial  compressive  loads,  and  9  ■  28. V# 
for  in-plane  shear  loads.  It  is  not  possible  there¬ 

fore  to  have  all  failure  modes  in  compression  and  all  failure 
modes  associated  with  in-plane  shear  loads  occur  simultaneously. 

Therefore  in  the  case  of  combined  loads  in  which  the 

axial  compression  load  index  predominates  (which  is  the  more 

desirable  ratio  of  H  /R  to  use  in  this  construction)  it 

x;  xy 

appears  logical  to  use  the  optimum  construction  due  te  uni¬ 
axial  compression  only,  and  modify  the  construction  to  account 
for  the  smaller  ln-plane  shear  loads. 

Under  combined  loade  of  uniaxial  compression  and  in¬ 
plane  shear,  Reference  8  gives  the  following  relationship  for 
a  stability  equation  for  a  flat  plate. 


2L 

+  / 

<*«r 

l 

where 

applied  compressive  stress 

°>cr 

critical  compressive  stress 

tf 

applied  ln-plane  shear  stress 

Xftr  critical  in-plano  shear  ■  trees. 

Subscript 

f  refers  to  face. 

(*.l) 
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This  same’ relationship  has  baan  uaad  la  Section 
4. 2.4,1  of  Reference  6  for  a  sandwich  panel. 

In  the  following  the  subscript  cr  refers  te  critical 
buckling  stress  which  has  been  oaltted  in  previous  chapters. 
Also,  in  the  fallowing,  stresses  or  lead  indices  without 
subscript  refers  to  applied  stresses  or  loads. 

Froa  Equation  (1.16)  of  Reference  1  it  is  seen  that 


/V* 


I'#,  -k-  +  2tf] 

Ef  5,~e  J 


<  _ _ 

1_  Ef  s,»e  J 


Froa  Equation  (1.26)  it  is  seen  that 


T  - 

Zr  it 


(V.2) 


(V.3) 


and 


zt, 


(^•5) 


Thus, 


utilizing  (4.2)  through  (4. 5), 

(«„/*)  (»„/t)g 

(*.  A>  (».,  A)2 

cr  cr- 


(4.1)  can  be  written  as 


(^.6) 


Using  the  structure  proportioned  optiaally  far 

axially  compressive  loads  acting  only,  when  R  /b  is  achieved, 

*cr 

there  will  be  slaultaneous  failure  of  the  panel  in  overall 
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buckling,  face  plata  buckling,  and  wab  plate  buckling. 

However  with  the  panel  optimally  proportioned  for  uniaxial 
conpression,  when  shear  loads  Increase,  the  three  failure 
■odes  due  to  ln-plane  shear  will  not  occur  simultaneously, 
because  the  panel  Is  not  optinun  for  shear  loads.  It  Is 
therefore  necessary  to  determine  which  failure  node  will  ooeur 
due  to  shear  loads,  at  the  lowest  shear  stress 
for  a  panel  that  is  optinun  for  compressive  loads. 

A  truss  cere  panel  proportioned  optimally  for 
uniaxial  conpression,  for  the  most  general  material  system  is 
specified  by  Equations  (1.86),  (I.87),  and  (1.88)  of  Refer¬ 
ence  1.  The  optinun  web  angle  0  is  given  by  Equatlen  (l.8l) 
of  Reference  1.  Substituting  these  values  into  the  three 
expressions  for  stability  for  the  panel  subjected  te  in-plane 
shear  loads,  given  by  (1.29),  (1.30),  and  (I.3I),  it  is  feund 
that  the  panel  proportioned  optimally  for  conpresslve  leads 
will  have  the  lowest  critical  load  in  face  plate  buckling  for 
shear  loads. 

Thus  substituting  Equations  (1.86)  and  (1.88)  of 
Reference  1* into  Equation  ( 1 . 30 ) ,  and  utilizing  (4.$)  above 
results  in  the  following: 


(4.7) 


(*.B) 


'•M  4& 


i 


NAEC-ASL-1110 


•*L  -  ^  (EuElv)  +  Eu  +  l6**l  (k.9) 


and 


Jlo  - 


(*.10) 


[l-'SpV^pJ 

and  9  Is  given  by  Equation  (l.8i),  Reference  1. 


Hotlce  that  Equation  (*.7)  provides  a  key  relationship  between 

(H  b)  and  (if  b). 

**cr/  Xcr/ 

It  is  now  convenient  to  define  as 


4>*  Ik  *  Sm!e 


7TlM« 


(*.U) 


Hence, 


(^)  --  4>  ( 


(*•12) 


It  Is  further  convenient  to  define  o(  as 
o(.  =  0^2 /j») 

(Nx/b) 


(*.13) 


Substituting  (4.12)  and  (*.13)  into  (*.6),  the  result  can  be 
written  as 


(N^A)*  -  (n./.)(n,„A)  -  *-*  (N -.0 

The  solution  of  this  equation  is  then 


C*.1*) 


(*.15) 
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Note  that  If  no  shear  loads  are  applied,  then  •  0, 
and  (4.15)  vould  become  If  ■  Nx  ,  or  the  compressive  load 

~b  b~ 

applied  would  be  Identical  to  the  critical  load,  and  since 

the  panel  1b  optimum  for  compresBlve  loads,  then  when 

N  1b  applied,  simultaneous  failure  would  occur  in  all 

xc  r 


three  modes  of  failure.  Where  «Oo  ,  then  the  panel  must  be 


designed  for  a  critical  load  N 


greater  than  H 


the 


cr 


applied  axial  lot.dlng. 

Looking  now  at  the  functional  relationships  for  the 

structure  proportioned  to  be  optimum  for  axial  compression  as 

given  in  Chapter  1  of  Reference  1  for  various  material  systems 

it  is  Been  that  t  /b,  t  /b,  and  (W-W  /b)  are  proportlonfcl  to 

r  c  ad 


!"x 


1/2 


cr 


(h  ^b)  is  proportional  to  (N^ 


cr/ 


b)*'\  Therefore, 


it  can  be  seen  that 


(4.16) 


(4.17) 
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The  following  design  procedures  are  therefore  given 
for  single  truss  core  panels  subjected  to  combined  loads  of 
uniaxial  compression  and  ln-plane  shear  loading,  where  the 
uniaxial  compressive  loads  predominate  (which  ia  ohe  situatien 
In  which  this  type  of  construction  appears  more  favorable). 

1.  Given:  H  ,  H  ,  a,  and  b 

*  xy 

2.  Select  material  system  and  obtain  all  material 
properties  needed. 

3.  Letting  H  above  be  considered  as  the  critical 

x 

load  vhen  no  shear  forces  are  present,  use  the 
procedures  of  Chapter  1,  Reference  1,  to 
determine  the  optimum  configuration,  In  the 
absence  of  shear  stresses,  thereby  determining 
0  as  well  as 

;  -  V- , 

b 

_  *  I  given 

x 

H  -0 

*y 

4.  Determine 

For  faces  and  core  of  different  orthotreplc 
materials : 

"‘■M.  E„f 
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I 

I 

1 

I 

I 

h, 

i 

I 

I 

I 

i 
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For  faces  and  core  of  different  isotropic 
materials : 

_ _ 


For  faces  and  core  of  the  same  orthotropic 
material  (Sin2©  •  2/7): 

4,  ^  JL  h 

M  ir  tt1'  — \ - 

top 

For  faces  and  core  of  the  same  Isotropic 
material  (Sin2©  -  2/7 ): 

4,=  2.  h 

I*  TT1' 


5.  Calculate 

„  -  !  V*) 

o<  -  * — 

(N*/b) 

6.  Determine  the  required  panel  parameters  and  the 
weight  by  Equations  (4, 16)  and  (4.17). 

Consider  a  construction  determined  above  for  faces 
and  core  of  the  same  isotropic  material.  It  can  be  shown 
that  for  optimum  construction  in  this  case  *  13.17  (Figure 
4-1,  Reference  6).  Then  ^  “  (0.712).  Thus  for  various 
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CHAPTER  5 

METHODS  OF  STRUCTURAL  OPTIMIZATION  FOR  FLAT,  VEB-CORB 
SANDWICH  PANELS  SUBJECTED  TO  BOTH  UNIAXIAL  COMPRESSION 
AND  IN- PLANE  SHEAR  LOADS 

Methods  of  analysis  for  the  structural  optimization 
of  web-core  sandwich  panels  subjected  to  uniaxial  compressive 
loadB  were  derived  in  Chapter  2  of  Reference  1.  It  was  seen 
in  calculations  that  optimum  web-core  construction  did 

not  compare  favorably  with  optimum  honeycomb  sandwich  core 
construction  for  une  in  applications  involving  only  uniaxial 
compressive  loadings. 

Methods  of  structural  optimization  for  truBS-core 
sandwich  panel  construction  subjected  to  ln-plane  shear  loads 
were  developed  in  Chapter  2  of  this  report.  In  Figure  It 
is  indicated  that  web-core  construction  appears  most  favorable 
in  the  lower  range  of  N  / b. 

*y 

Under  in-plane  shear  loads  only,  the  web  thickness  t 

c 

(which  is  not  stressed)  1b  determined  only  by  the  requirement 

that  the  face  stress  Tp  be  maintained  within  the  material 

allowables  for  any  given  N  /b.  However,  when  uniaxial 

xy 

compressive  loads  are  present  then  t  /b  must  be  sufficient  to 

c 

prevent  buckling  of  the  web  due  to  compressive  loads.  This 

t  /b  requirement,  may  therefore  lower  TU  that  is  feasible  to 

c 

satisfy  the  universal  relationship  given  by  Equation  (2.30), 

when  t  /b  1b  specified.  Since  the  weight  of  the  panel  in  shear 
c 
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varies  Inversely  ae  T.r.  ,  if  is  reduced  fron  the  aaterlal 

allowable  due  to  eoae  requirement  placed  on  t  /b  eucb  aa 

c 

resisting  ln-plane  coapreeelve  loads,  then  in  Figure  $,  the 
slope  Increases,  and  thus  veb-core  construction  appears 
favorable  over  a  lover  band  of  I  /b. 

So  as  In  Chapter  h,  again  It  may  be  that  if 
web-core  censtructloa  is  to  appear  favorable  for  coablaed  leads 
of  uniaxial  coapresslon  and  ln-plaae  shear  it  will  very  likely 
do  so  under  low  shear  loadings,  where  axial  coapressive  loads 
doalnate  the  beh/vlor. 

It  can  also  be  seen  froa  the  expressions  in  Chapter  2 
of  Reference  1,  and  Chapter  2  of  this  report  that  the  geoaetrlc 
variables  associated  with  optlaua  construction  for  uniaxial 
coapresslon  and  the  optlaua  construction  for  in-plane  shear 
loading  differ.  It  is  not  possible  therefore  to  have  all 
failure  nodes  In  ceapresslon  occur  slaultaneously  with  all 
failure  nodes  due  te  shear. 

Therefore,  in  the  case  of  coablned  loads  In  which  the 
axial  load  predoalnates,  it  appears  logical  to  utilise  the  web- 
core  constructlen  proportioned  to  be  eptiaua  or  alnlaun  weight 
for  axial  compression  alone,  and  slnply  modify  this  censtructiea 
to  account  for  the  smaller  ln-plane  shear  leads. 

Identical  te  Chapter  *e,  It  is  feund  that  the  governing 
relation  for  the  .structural  integrity  of  the  panel  under  these 
combined  leads  is  given  by 


(»  /*>)  (»,„  /n)2 

cr  cr 


(5.1) 
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Using  the  veb  ctre  construction  proportioned 

optinally  for  compressive  loads  only,  when  ■  /b  ■  /b# 

cr 

there  will  be  simultaneous  failure  of  the  panel  in  overall 
buckling,  face  plate  buckling,  and  veb  plate  buckling^ 
However  vith  the  panel  optinally  proportioned  far  uniaxial 
compression  as  is  increased,  the  failure  nodes  vill  not 

occur  simultaneously .  It  is  necessary  to  deternine  which 
node  vill  occur  at  the  lover  face  stress;  and  to  deiernlno 
that  lover  buckling  stress  as  'tfcr  ,  in  order  to  deternine 

a 


xy 


cr 


The  proportions  for  the  optinum  veb-core  panel  far 

uniaxial  compressive  loads  are  given  in  Chapter  2,  Reference  1, 

for  each  of  the  material  systems  considered.  Substituting 

these  values  in  terms  of  (H  /b)  (given  as  H  /b  in 

x  _  xy 

cr 

Reference  1)  into  the  expressions  for  stability  of  the  veb 
core  panel  due  to  shear  loads  given  by  Equations  (2.25)  *nd 
(2.26)  it  is  found  that  for  the  panel  proportioned  to  be 
optimum  for  uniaxial  compression,  the  lover  critical  stress 
occurs  for  face  plate  buckling  due  te  shear  loads. 

In  fact:  the  ratio  of  critical  shear  stresses  far  the 
panel  proportioned  to  be  optimal  for  compressive  leads  is, 
for  the  most  general  materials  systems. 


(5.2) 
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where  Tp,  -  critical  atraaa  for  overall  buckling 

Xft  ■  critical  stress  for  face  plate  buckllag. 

It  can  be  shovn  that  for  aost  combinations  of  materials 
the  ratio  given  by  ($.2)  ie  greater  than  unity,  remembering 
that  ve  are  generally  discussing  combined  loads  In  which 
compressive  loads  predominate. 

Thus,  substituting  the  equations  for  t^/b  and  d^/b 

/ 

given  In  Chapter  2  ,  Reference  1,  for  the  moot  general  material 

system  Into  Equation  (2.26),  and  utilizing  (4. 5)  above,  the 
result  can  be  written  as 


(5.3) 


This  equation  therefore  provides  a  key  relationship 
between  the  two  critical  loads. 

It  Is  now  convenient  to  define  the  dimensionless 
quantity  ,  such  that 


**  ik  iiV-E^ I&lUM  — J -  (5.4) 

Hence, 

llif)  (5.5) 

Substituting  (5-5)  and  (4.13)  into  (5.1)  results  In  the  equation 

frWb)*-  (N,/b)(fW.)  -  i?  (N»/b)l=o 

yl 
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The  solution  for  this  equation  is 


Therefore  analogous  to  the  nethede  *f  Chapter  k , 


(5.7) 


(5. a> 


The  following  design  procedures  are  therefore  given 
for  web-core  sandwich  panels  subjected  to  conblaed  leads 
of  uniaxial  compression  and  in-plane  shear  loading  where  the 
uniaxial  compressive  loads  predominate  (which  is  the  con¬ 
dition  for  which  this  type  of  construction  appears  sere 
favorable ) . 


1.  Oiven:  H  ,  N  ,  a,  and  b 
x '  xy'  ' 

Select  material  systea  and  obtain  all  notarial 
properties  needed. 
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3.  Lotting  R  giro*  1*  stop  1  be  considered  as  the 
critical  coapreeslre  lead  vhea  a*  ebear  facer,  are 
present,  use  the  procedures  of  Chapter  2, 
Refereace  1,  te  dateralue  the  optlaua  ceaflgura- 
tloa,  la  the  absence  ef  shear  loalo. 


are  determined. 


4.  Deteralae  V  : 

for  faces  and  core  ef  dlffereat  ortbetreple 
aaterlals : 

For  faces  and  core  ef  different  Isotreplc 
aaterlals : 


For  faces  and  cere  ef  the  saae  erthetreplc 
material : 

»*  iif 

For  faces  aad  cere  of  the  sane  lsetreplc  aaterlals 

Y  =•  2b 

3n  ^ 
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Calculate  : 

c*  = 

(NxA.) 

Diteraire  the  required  paael  paraaetera  and  the 
weight  by  Equations  ($.8)  aad  ($.9)* 
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CHAPTER  6 
CONCLUSIONS 

Methods  have  been  derived  to  design  minimum  weight 
for  flat  sandwich  panels  using  triangulated  (single  truss) 
core  construction  or  web-core  construction.  Panels  having 
cores  and  faces  ol  differing  or  the  sane  crthotroplc 
materials,  as  well  as  differing  or  the  sane  isotropic 
materials,  have  been  treated.  The  panel  loadings  are: 

(l)  in-plane  shear  loads  and  (2)  combined  uniaxial  conpression 
and  ln-plane  shear  loads. 

For  the  triangulated  core  construction  under  ln- 
plane  shear  loads,  where  the  face  and  core  are  composed  of 
the  same  isotropic  or  orthotropie  materials, the  angle  0  - 
20.4°  for  the  optimum  construction  when  the  edge  restraint 
coefficients  are  equal  for  both  web  and  face  elements. 

Similarly  the  weight  ratio  for  faces  to  core  per  unit  planfora 
area  Is  1.316.  For  isotropic  triangulated  core  construction 
In  which  both  faces  and  core  are  of  the  same  isotropic  material, 

lyi 

that  material  which  has  the  highest  ratio  of  I*'^/p(l-v®)  will, 
result  In  the  least  weight  panel. 

For  web  core  construction  under  ln-plane  shear  loads 
6 ■  0°  will  result  In  minimum  weight  construction  regardless  of 
the  materials  used.  It  Is  found  that  the  optimum  face  tblok- 
neis  for  a  given  load  index  is  determined  entirely  by  the 
allowable  shear  stress  of  the  face  material  from  a  strength 
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viewpoint.  The  optimum  core  depth  ie  independent  of  the  load 
index.  Also  the  weight  of  the  optimum  (minimum  weight)  panel 
ie  Independent  of  all  material  properties  except  tne  allowable 
face  shear  stress  and  the  density  of  the  face  material.  Thus 
the  best  material  for  this  type  of  construction  is  the  one 
haring  the  highest  value  of  (Tfftce/rf)» 

Prom  the  example  comparison  of  Figure  5,  page  61,  It 
is  seen  that  for  the  typical  example  the  optimum  honeycomb 
core  construction  is  significantly  better  than  the  optimum  tri¬ 
angulated  corrugated  core  construction,  and  is  capable  of 
carrying  a  considerably  greater  shear  load. 

The  optimum  web  core  construction  results  in  consid¬ 
erable  weight  savings  over  the  optimum  honeycomb  sandwich  con¬ 
struction  in  the  low  load  Index  range.  Howevor,  It  does  not 
compare  favorably  In  the  higher  load  range. 

Combined  loadings  are  treated  in  Chapters  U  and  5. 

0* e  benefit  derived  by  the  development  of  methods  of  analysis 
for  optimum  (minimum  weight  design)  structures,  other  than  the 
obvious  benefit,  is  that  it  enables  the  designer  to  compare  the 
absolute  minimum  weight  construction  employing  commercially 
available  sixes  that  approximate  the  actual  optimum  dimensions. 
In  this  way  he  can  more  rationally  assess  the  following  con¬ 
siderations:  the  weight  penalty  of  using  commercli  ;.ly  avail¬ 

able  sixes  or  the  cost  penalty  of  UBing  non-commercially 
available  sizes  to  obtain  minimum  weight.  Obviously,  the 
decision  rests  on  the  specific  application,  but  it  can  be  made 
rationally. 
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It  Is  e.lso  recommended  th*t  s  test  prograa  be 
designed  and  executed  to  evaluate  the  optimization  proced¬ 
ures  developed  herein. 


81 


NAEC-ASL-lllO 


RgFEREHCE8 

1.  Vinson,  J.  R.,  and  Shore,  S.,  "Structural  Optimisation 

of  Flat,  Corrugated  Core  and  Web-Core  Sandwich 
Panels  Under  Uniaxial  Compressive  Loads", 

Structural  Mechanics  Associates  Report  Ho. 

i 

040266,  July  1966. 

2.  Vinsan,  J.  R.,  and  Shore,  3.,  "Methods  af  Structural 

Optimization  for  Flat  Sandwich  Panels",  U.  8.  Haval 
Air  Engineering  Center  report  He.  HAEC  -  ASL  -  IO83, 
15  April  1965.* 

3.  Vinson,  J.  R.,  and  Shore,  S.,  "Design  Procedures  far  the 

Structural  Optimization  of  Flat  Sandwich  Panels", 

U.  S.  Naval  Air  Engineering  Center  Report  Ho. 

HAEC  -  ASL  -  1084,  15  April  1965.  * 

4.  Llbove,  C.  and  Hubka,  R.  E.,  "Elastic  Constants  far 

Corrugated-Core  Sandwich  Plates",  HACA  TH  2289, 
February  1951* 

5.  Anderson,  Melvin  S.,  "Optimum  Proportions  of  Truss  Cara 

and  Web-Care  Sandwich  P: jtea  Loaded  in 
Compression",  HASA  TH  D-98,  September  1959* 


Alee,  presented  at  the  $tb  U.  S.  Rational  Congress  af 
Applied  Mechanics,  Minneapolis,  Minnesota,  June  I966, 
and  abstracts  appearing  in  tho  Transactions  of  the  Congress. 


S2 


NAEC-ASL-1110 


6.  "8aadvlch  Construction  far  Aircraft,  Part  II",  ABC -23 

Second  Kditlaa  195$*  iaauad  by  tha  Departaent  af 
tha  Air  Parc a  Air  Research  aad  Develops »nt  Cana and) 
Departaent  af  tha  Havy,  Buraau  af  Aeronautics)  aad 
tha  Departaaat  -i.  Caaaarca,  Civil  Aaraaaatlca 
Adainl strati an. 

7.  Tiaoshenko,  8.  aad  Oara,  J.  M. ,  "Theory  af  Blaatlc 

Stability",  Second  Bdltlea.  McOrav-Hlll  Book  Ca., 
Inc.,  Rev  fork  1961, 

6.  Oarard,  Oaarga  and  Backer,  Herbert,  "Haadboak  of 
Structural  Stability,  Part  III,  Buckling  of 
Curved  Plates  and  Shells",  RACA  TH  3783* 

August  1957* 

9.  Kaechele,  L.  R. ,  "Mlnlaua  Weight  Design  of  Sandwich 
Panels",  U.  S.  Air  Force  Project  Rand  Research 
Meaoraadua,  RM  1895*  The  Rand  Carporatlaa, 

Arned  Services  Iaferaatlaa  Agency,  Accesslaa 
Ra.  AD  133011,  March  1957* 


83  - 


2*  REPORT  1ECURITV  C  Li*»lFIC*TIOM 


Unclassified 


UNCLASSIFIED 


Security  Classification 


DOCUMENT  CONTROL  DATA  -  R&D 

( Sacuniy  claaaiflcatian  of  ttitm.  bo 4y  ot  abatrmct  and  tndamtng  annotation  mu  at  ba  an  tar*  4  aA«n  A#  oaarai!  rapoet  ta  c  iaaatltad) 


1  ORIGIN  *  TIN  G  ACTIVITY  (Corporal  a  author) 

Structural  Mechanics  Associates 

1433  Sandy  Circle  j 2 »  group 

Natberth,  Pa.  _  J  None _ 


1  report  title 

STRUCTURAL  OPTIMIZATION  OF  FLAT,  CORRUGATED  CORE  AND  WEB-CORE  SANDWICH  PANELS 
UNDER  IN-PLANE  SHEAR  LOADS  AND  COMBINED  UNIAXIAL  COMPRESSION  AND  IN-PLANE 
SHEAR  LOADS 


4  descriptive  NOTES  (Trp*  ol  report  m*£  t'lctuln  dalmm) 

Fi^al  report  (24  May  1965  to  31  December  1966) 


5  AUTHORS)  (Laat  nama.  firat  nama.  initial) 

Vinson,  Jack  R. 

Shore,  Sidney 


!  7  a  TOTAL  NO  OF  FACES 


•  A  contract  of  grant  NO 


N156-46654 

6-  PROJECT  NO 

Work  Unit  530/0/  (P.A.  1-23-96) 


!  ».  ORIGINATOR'*  REPORT  NUUC  R(Sj 


NAEC-ASL- 1110 


9b  OTHER  RIRORT  NOfJ)  (A  nr  othar  numbara  hat  may  ba  aaaidnad 
til  a  raport) 


10  A  V  A  tL  ABILITY  LIMITATION  NOTICES 

DISTRIBUTION  OF  THIS  DOCUMENT  IS  UNLIMITED 


II  SUPPLEMENTARY  notes 


13  ABSTRACT 


U-  SPONSORING  MILITARY  ACTIVITY 


Naval  Air  Engineering  Center 
Aeronautical  Structures  Laboratory 
Philadelphia,  Pa.  19112 


Iir-tbis  report  presented  the  development  of  rational  methods  of 
structural  optimization  for  flat,  corrugated  core  (single  truss  core)  and 
web-core  sandwich  panels  under  two  loading  conditions'  in-plane  shear 
loads,  and  combined  uniaxial  compression  and  in-plar.e  shear  loads. 

These  methods  provide  a  means  by  which  minimum  weight  structures  can 
be  designed  for  a  given  load  index,  plate  width,  length,  and  face  ard  core 
materials.  The  methods  developed  can  be  used  as  a  means  of  rational  material 
selection  by  comparing  weights  of  optimum  construction  for  various  material 
systems  as  a  function  of  applied  load  index.  The  methods  are  sufficiently 
general  to  account  for  orthotropic  or  isotropic  face  and  core  materials  and 
various  boundary  conditions.  Design  procedures  are  given  in  detail  for  the 
design  engineer  t.o  use. 


1473 


023558 


ASSIF1ED 


UNCLASSIFIED 


Security  ClMSificatign 


Optimization 
Corrugated  Core 
Truss  Core 
Sandwich  Panels 
Buckling 


INSTRUCTIONS 


I.  ORIGINATING  ACTIVITY:  Enter  the  name  and  addreaa 
of  th#  contractor,  aubcontractor,  grantee,  Department  of  De¬ 
fame  activity  or  other  organization  ( corporate  author)  iaauing 
the  report. 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over¬ 
all  aecurlty  classification  of  the  report.  Indicate  whether 
"Restricted  Data"  ia  included  Marking  la  to  be  in  accord¬ 
ance  with  appropriate  aecurity  regulations. 

2b.  QROUP:  Automatic  downgrading  ia  apecified  in  DoD  Di¬ 
rective  5200. 10  and  Armed  Forces  Indue  trial  Manual.  Enter 
the  group  number.  Alao,  when  applicable,  ahow  that  optional 
markings  hava  been  ueed  for  Group  3  and  Group  4  ae  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Tltlaa  ia  rlt  caaea  ehould  be  unclaaaified 
If  a  meaningful  title  cannot  be  aelected  without  claaaifica- 
tion,  ahow  title  classification  in  all  capital*  in  parentheaia 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  th*  induaiv*  dates  when  s  specific  reporting  period  ie 
covered. 

5.  AUTHOR(E):  Enter  the  name(s)  of  authoK*'  ahown  on 
or  in  th*  report.  Enter  leat  name,  first  name,  middle  initial. 

If  military,  ahow  rank  and  branch  of  service.  The  name  of 
the  principal  author  ia  an  abaolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  ae  day, 
month,  year,  or  month,  year.  If  more  than  one  date  appears 
on  the  report,  use  date  of  publication. 

7a.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
ehould  follow  normal  pagination  procedure*,  i.e. ,  enter  the 
number  of  pages  containing  Information. 

7b.  NUMBER  OF  REFERENCES  Enter  the  total  number  of 
references  cited  is  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

8b,  8c,  6>  id.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identification,  such  aa  project  number, 
nubp reject  number,  system  numbers,  teak  number,  etc, 

it.  ORIGINATOR’S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originating  activity.  TWi  number  muet 
be  unique  to  this  report. 

9b-  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
assigned  any  other  report  numbers  ( either  by  (be  originator 
or  by  the  sponsor),  alao  enter  this  numberfs). 

10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  othar  than  those 


1473  (BACK) 


imposed  by  security  classification,  using  standard  statements 
such  at: 

(1)  ‘‘Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC“ 

(2)  "Foreign  announcement  and  dissemination  of  this 
report  by  CDC  ia  not  authorized." 

(3)  "U.  S.  Government  agencies  may  obtain  copies  of 
thia  report  directly  from  DDC.  Other  qualified  D DC 
users  shall  request  through 


(4)  "U.  S.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  "All  distribution  of  thia  report  ia  controlled.  Qual¬ 
ified  DDC  uaers  ahall  requeat  through 


If  the  report  haa  been  furnished  to  the  Office  of  Technical 
Service*,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

1L  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

1Z  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  o-  laboratory  sponsoring  (pey- 
ing  lor)  the  research  and  development,  include  address. 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  alao  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  apace  is  required,  a  continuation  sheet  ahall 
be  atteched. 

It  ia  highly  desirable  that  the  abstract  of  classified  reports 
be  unclaaaified.  Each  paragraph  of  the  abstract  shall  end  with 
an  indication  of  the  military  security  classification  of  the  in¬ 
formation  in  the  paragraph,  represented  as  (T5).  (5),  (C).  or  (V) 

There  is  no  limitation  on  the  length  of  the  ebatract.  How¬ 
ever,  the  suggested  length  is  fr-  ’SO  to  225  words. 

14.  KEY  WORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report  Key  words  must  be 
selected  ao  that  no  aecurity  classification  is  required.  Identi 
fiera,  auch  aa  equipment  model  designation,  trade  name,  militery 
project  code  name,  geographic  locati  n,  may  h-  used  as  key 
words  but  will  be  followed  by  an  indication  of  technical  con¬ 
text.  The  assignment  of  links,  roles,  and  weights  is  optional. 


023551 


UNtl.ASSII  'll) 


